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ABSTRACT 
Ceramic zinc stannate, Zn2Sn04, was prepared from lSn02:2ZnO mixture using 
powders of the highest commercially available purity. The solid state reaction between 
the ZnO and the SnOj, thought to be an evaporation-recondensation mechanism, was 
found to start at ^ 900°C (12 hours heating, rate 5°C min ' ) . However, the reaction did 
not go to completion in the timescale of the experiment unless the temperature was 
raised tO/^1300°C. In this case mono-phase, polycrystalline Zn2Sn04 was produced, as 
confirmed by X-ray diffraction (XRD), scanning electron microscopy and energy 
dispersive X-ray analysis (EDAX). Further evidence for these reaction temperatures 
was obtained from thermal analysis experiments. 
As-sintered, 2^2Sn04 was insulating (a — 10"' Q"' cm ') although it could be 
made conductive, by a reduction heat-treatment. This entailed refiring the sintered 
pellets of Zn2Sn04 in an atmosphere of mixture gas (25% + 75% Nj) at — 450°C 
for 14 hours (heating rate of 10°C min"'). This reduced the conductivity to values of 
a ^— 1 X 10'^  Q'' cm''. XRD failed to reveal any changes in the phase of the material 
after the reduction treatment. 
Several dopants were investigated, the most successful of which was In, using 
a vapour phase method. Doping with In this way gave a significant change in the 
colour from white to dark grey together with a reduction in electrical resistivity, 
without recourse to further heating treatments. No change in the usual phase of the 
Zn2Sn04 was detected. Doping with group V oxides, such as NbjOj, V2O5 etc, 
produced changes in the colour from white to dark grey, but no reduction in the 
resistivity, unless further heating treatments were carried out in reducing ambients. 
When high concentrations of Nb were introduced an additional phase, possibly 
NbjSnjO, was observed by XRD. 
Thin f i lm Zn2Sn04 was prepared by Electron Beam Evaporation using Zn2Sn04 
sintered powder as the evaporant material. The thin films were deposited onto glass 
substrates, at a range of substrate temperatures between room temperature and 250°C. 
XRD was used to confirm the formation of Zn2Sn04, and provide estimates for the 
grain size, which varied from 20 to 25 nm. RHEED studies indicated that the grain 
size increased as the substrate temperature was increased. SEM revealed that the thin 
films were flat and uniform, with no cracks. The optical transmission of the thin films 
was about 88% for films deposited at 200°C, but decreased significantly as the 
substrate temperature was decreased. The spectral dependence of complex refractive 
index (n&k) suggested that true thin film formation did not take place until the 
substrate temperature exceeded ^ 150°C, and that the material was apparently a direct 
gap semiconductor with a band gap energy of —^1.95 eV. 
It was found that the main carrier transportation mechanism for doped, un-
doped, and thin films of Zn2Sn04 was variable range hopping, with a temperature 
dependence of the form exp(To/T)'^''. This result was consistent with Hall effect 
measurements, where high, temperature independent carrier concentrations of about 
10'^  cm'-' were obtained, along with low values of carrier mobility ( — 1 cm^ v"' sec ') 
that obeyed the same temperature dependence as the conductivity, [exp(To/T)'''']. 
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CHAPTER I 
INTRODUCTION 
1.1 - Introduction : 
Polycrystalline ceramics are compounds of electropositive and electronegative 
elements of the periodic table. Most ceramics are oxides, and are essentially different 
from metals and organic compounds in their chemical bonding, and as a result in their 
physical and chemical properties. 
In the present context a ceramic material will be taken to be one composed of 
a compact of small particles that have been sintered together, usually at high 
temperamre. Under such conditions the individual particles "grow" into each other 
forming a very strong structure. For a given group of elements, there are frequently 
numerous configurations that will form a ceramic, and accordingly an equally wide 
variety of resulting material properties. Nevertheless, there are some common features 
of ceramic materials, and these are : (i) tolerance to high temperatures, (ii) low or 
semiconducting electrical conductivity with often magnetic and dielectric properties, 
and (iii) considerable strength giving a high resistance to deformation or fracture. 
These properties are sometimes advantageous and sometimes not. 
1.2 - Traditional Ceramics : 
Traditionally ceramics are associated primarily with clay products, silicate 
glasses, and cement. Pottery using clay has been practised both as an art form and as 
a craft for the manufacture of household utensils from the earliest civilizations. The 
high stability of ceramic materials has meant that such artefacts survive for many 
centuries and provide important material for the archaeologist. Similarly, silicate glass 
manufacturing is an equally ancient art. 
Generally most of these traditional ceramics were produced without concern 
for, or much understanding of, the mineral preparation of the ceramic and related raw 
materials. These ceramics could be adequately defined as silicate compounds, a 
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description originally proposed for the American Ceramic Society in 1899 [1.1]. 
1.3 • New Ceramics and Their Applications : 
The term, new ceramic or fine ceramic, began to appear during the last 20 
years and is typically applied to specialist ceramics synthesized using highly refined 
starting materials, with rigorously controlled composition, and strictly regulated 
forming and sintering conditions[1.2]. They are of particular interest due to their 
unique or outstanding properties, and have been developed in order to fulfi l a 
particular need, such as for example, greater resistance to temperature, improved 
mechanical properties, special electrical properties, etc [1.3-1.9]. These ceramics have 
become most important for future high technology industry [1.10,1.11]. 
The new or fine ceramics are generally divided into two categories; structural 
ceramics and functional ceramics. The former are of interest primarily for their good 
mechanical properties, particularly at high temperature, and generally compose the 
nitrides, carbides, borides and silicides of metals. For example the strucmral ceramic 
sialon (SiAIN) was developed for use in mechanical bearings. The functional ceramics 
are of interest principally for their electrical, magnetic and optical properties and are 
composed mainly of the metal oxides. A summary of the areas in which functional 
ceramics have found application is given in table (1.1) 
The present study has been concerned exclusively with the functional ceramic, 
zinc stannate (Zn2Sn04). This compound, which has not been greatly researched 
before, has interesting electrical properties and potential applications for battery, relay 
contacts and thin film electrochromic displays. 
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Table (1.1) : Electronic ceramics function, uses, and representative materials. 
Introduction 
Function Application Materials 
Insulation IC Substrates AI2O3, MgAljO ,^ BeO 
Electric 
Conductivity 
Resistive Heat Generators 
ZrOj, MoSij, LaCrOj, SiC, Zr 
Hf-borides Solar Electric Generators 
Electrode 
Rezoelectro-
-nics 
Ignition 
junction 
Automatic 
lighter 
Pb(Zr, TiyO, 
Piezoelectric 
Filters 
ZnO, LiNb03 
Surface W9ve 
devices 
Kezoelectric 
oscillators 
iiiiiil^iiWili^ii:- Quartz, LiNbO, 
Senuconduc-
-tivity 
Thermistor Thermometers Fe-Co-Mn, Si-O, BaTiO, 
Semiconduct. 
;i|:|:;\^ OTSitp^ ZnO-BijO,, SiC 
Gas-Absorbing 
SemiconductCHT. 
Gas-Sensor SnOj, ZnO, ZujSnO^ 
Magnetism 
Hard Magnets Ferrite 
liilSgiieitsssjsip^  
(Ba, Sr) 0.6 Fe^O, 
Transformers (Zn, M) Fe20,(M=Mn, Co, Ni) 
Memory 
junction 
Garnet-type Ferrites 
Inductance 
Frequency use 
Capacitance BaTiOj+SnO^+BijOj 
Ionic Electric 
Conduction 
Batteries P-AI2O3, ZrOj (+CaO, Y^Oj) 
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1.4 - Zn2Sn04 Properties and Applications : 
Zinc stannate [1.12], Zn2Sn04, may be formed by firing a mixture of Sn02 and 
ZnO, with molar ratio of 1:2 [1.13] at a high temperature for a several hours. It is 
white in colour, but turns dark grey when heated in a reducing ambient. It is an n-type 
semiconductor [1.15], and normally crystallines in the inverse spinel structure (more 
detail can be found in chapter III) [1.16], with a lattice parameter a = 8.65 A 
[1.4,1.6,1.7,1.11]. Some of the reported or proposed applications of Zn2Sn04 are listed 
in table (1.2). 
Table (1.2) : Some ZniSnO^ Applications. 
Application Additives IHIiliiilil; Reference 
Moisture Detector 1977, 1980 [14],[15] 
Stable Gas Sensor [16] 
Electrical Contacts IlllillilP [17] 
Switching Gear 1991 [5] 
Gas Sensor(H, Ch4,H20) 1987 [20] 
Trans. Electrode 1992 [25] 
The first reference to Zn2Sn04 was in 1930 by Nelson Taylor who reported that 
Zn2Sn04 can be prepared by heating a mixture of 2ZnO:lSn02 [1.17], at 1050°C for 
18 hours. The compound formed was of cubic spinel type with lattice constant of a 
= 8.65 ± .005 A . This was confirmed by Barth and Posnjak (1932) [1.19] and later 
by Verweg and Heilmann (1947) [1.20] who reported that Zn2Sn04 had the 
arrangement Zng(Sn8Zn8)032, a cubic spinel structure type with a large unit cell 
containing 8Sn, 16Zn, and 32 Oxygen atoms. Independently Frevel (1942) [1.21] 
measured the lattice constants of 705 cubic substances including Zn2Sn04, using 
chemical analysis by the Debye-Scherrer-Hull method, and reported a lattice constant 
8 
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of 8.63 A for Zn2Sn04. 
Further research by Tazaki and Kuwabara (1951) [1.18] led to the conclusion 
that Zn2Sn04 could not be obtained at a temperature lower than 900°C with a heating 
time of about 60 min. (using atmospheric pressure), and also found the structure type 
was cubic spinel. 
An alternative procedure for forming Zn2Sn04 was reported by Kostolov and 
Morechevskaya (1958) [1.22] who found that Zn2Sn04 could be formed by mixing 
Zinc oxide with tin oxide in a proportion corresponding to the formula Zn0:Sn02, and 
then holding the mixture of the two oxides at a temperamre of 800°C < T < 1300°C 
for 5-20 min.. They also concluded that zinc oxide began to interact with tin oxide 
above 800°C and confirmed the resulting compound by X-ray analysis. However, 
Fillipova et al (1960) concluded that Zn2Sn04 was best formed using the 2:1 ratio of 
ZnOrSnOz, at a temperature of 1200°C for 8 hours. They also found the structure to 
be cubic spinel with lattice parameter of 8.64 A, 
More recently, Gupta and Mathur (1968) [1.23], have prepared Zn2Sn04 by 
mixing 2ZnO:lSn02, and then heating at 900°C for 50 hours and again at 1100°C for 
40 hours . From this it was clear that the compound would not form unless T > 
1000°C. Yoshida R and Yoshida Y (1976) [1.24], also reported that a suitable 
temperature for forming Zn2Sn04 was about 1200°C and used X-ray diffractometry to 
confirm the compound, and obtained an estimate for the lattice constant of between 
a = 8,67 to 8.68 A. Zuyao (1987) [1.15], formed zinc stannate by a solid state reaction 
at 800°C, and it was found that the compound was cubic spinel type. A higher 
temperature of 1300°C was used by Shimada (1976) [1.25] to prepare zinc stannate 
by calcining a stoichiometric mixture of zinc oxide and tin oxide at a more rapid rate 
for only 4 hours. Interestingly Huang (1984) [1.26], reported that zinc stannate was 
formed in the reverberator furnace dust recovered from a tin smelting process. The 
formation of Zn2Sn04 from ZnO and SnOj was observed at a temperature higher than 
1000°C, with a yield that increased rapidly with increasing reaction temperature. They 
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discovered that the SiO^ tended to lower the yield of ZuzSnO^ because it combined 
with ZnO preferentially. 
Another method for preparing Zn2Sn04 was described by William Pickin 
(1986) in a UK Patent application [1.27] , which showed that Zn2Sn04 films could be 
formed from ZnClj and SnClj in roughly equal proportions using flame deposition. 
This was further investigated by Fujita (1987) [1.28] who prepared zinc stannate by 
using SnCl4, ZnClj, and (CH2)gN4, at a temperature of about 700°C, to produce a 
mixture of ZnO, SnOi, and Zn2Sn04. The presence of several phases may have been 
due to the relatively low temperature of sintering (as described above, other studies 
have suggested that the sintering temperature should be more than 1000°C to form 
compound by the solid state reaction). Another route to forming the compound was 
found by Wark et al. (1990) [1.29], and involved the metal alkoxide [ZnSn(0Et)6]. 
Hydrolytic condensation of this compound formed an as yet unidentified crystalline 
phase together with amorphous material . Heating resulted in the crystallization of 
Zn2Sn04 and SnOz- A temperature of 600°C was used. Yet another procedure was 
reported by Glot et al. (1991) [1.30]. They obtained semiconducting SnOz and 
dielectric Zn2Sn04 as a result of mixing Sn02-ZnO-Bi203 together in a molar ratio of 
80 mol.% SnOj, 20 mol.% ZnO and 2 wt.% BijOj, and sintering at 1520°C. Hashemi 
et al (1990) [1.14], have reported more detail about the sintering behaviour of zinc 
stannate. Using XRD they found that zinc stannate was monophase and polycrystalline 
. A detailed study of morphology and surface composition suggested that the diffusion 
- evaporation mechanism was responsible for SnOj / ZnO sintering 
The first reported application of Zn2Sn04 was by Terada and Nitta (1977) 
[1.31], (1980) [1.30] , who used Zn2Sn04 as a detector of moisture. Another 
application was demonsfrated by Sumitomo Aluminum Smelting Co. (1984) [1.33] , 
where a stable combustible - gas sensor was obtained by heating a SnZn204-M203 (M 
= Al , Cr, Y) mixture at 600°C to 1400°C. Xinghui (1987) [1.34] also reported that 
Zn2Sn04 was obtained by sintering Zn[Sn(OH)J between 500°C - 800°C. They used 
10 
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it as a semiconducting gas sensing material for detecting H2, CH4, and water. 
Zn2Sn04 was also used as electrical contacts by mixing it with silver as shown 
in a Patent by Sumitomo Electric Industries (1983) [1.35], and in the paper by 
Dlingsworth J , Hashemi T , Al-Shahrani A and Brinkman A W, (1991) [1.36]. 
Apart from Pickm [1.27], the only other thin film study was that reported by 
Enoki H. et al. (1992) [1.37], who formed Zn2Sn04 as a thin film using RF magnetron 
sputtering, where the deposited films showed a spinel type widi a different crystal 
structure of hexagonal ZnO. The Zn2Sn04 films showed more than 80% transmission 
over the visible range with a lower wavelength absorption edge of less than 320 nm. 
From these reports and results, it appears that Zn2Sn04 can be readily formed 
by a solid state reaction if the temperature T > 1000°C. XRD results indicate that this 
gives monophase, cubic spinel type material. 
1.5 - Present Work Aims : 
The aim of this study was to assess the formation of Zn2Sn04 in bulk form and 
as thin films. Chapter I I introduces the relevant scientific background in Ceramics 
sintering types and related phenomena; Chapter IE oudines details of the experimental 
set-up used for sintering and reduction processes. 
The experimental results obtained during the last three years of this study are 
presented in chapters IV to VI I ; chapter IV describing the sintering and reduction 
processes, a structural study is also included in this chapter, as well as the thermal 
studies, which were used to support the description of the sintering mechanism. 
Chapter V details the electrical properties of the un-doped samples, in particular the 
variation of resistivity and polarity type as a result of changing the reduction 
temperature. Impedance studies have been included in this chapter using a.c. 
measurements to give some information about bulk and grain boundary behaviour. 
Current-Voltage measurements were made using pulsed voltages for bulk samples to 
test the contacts for ohmic behaviour. Chapter VI concerns structural, and d.c. and 
11 
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a.c. electrical studies of doped-Zn2Sn04 samples. These were doped in various ways 
with different materials, including NbzOj, TajOj, TaClj, InCl3.3H20, and In. Diodes 
based on Au/Zn2Sn04.In/In.Ga structures were also prepared and the I-V and C-V 
characteristics obtained and analyzed. Chapter V I I discusses Zn2Sn04-thin film 
formation, and outlines the optimum preparation conditions. Structural electrical and 
optical transmission characteristics of the thin films were measured and are included. 
Chapter Vin concludes and summarises the experimental findings indicting the 
major objectives achieved whilst providing suggestions for future work in the field of 
Zn2Sn04 ceramics. 
12 
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SCIENTIFIC BACKGROUND 
2.1 • Introduction : 
Polycrystalline ceramics are materials in which neighbouring grains are in 
close intimate contact with each other, yielding structures that are durable and strong. 
The range of compounds that can be produced in ceramic form is enormous and as 
a result there is a correspondingly large variety of properties available for use. 
Ceramic materials cannot be easily obtained and high processing temperatures are 
normally required. When ceramic materials are formed from a mixture of constituent 
powders which are then fired, there is a certain temperature at which the raw materials 
begin to react, requiring a certain time to do so. In most cases this is accompanied by 
some shrinkage, resulting in densification, and sometimes this is associated with a 
colour change as well. This process is usually termed "sintering". 
Ceramic processing, both for crystalline and non crystalline sintering is carried 
out by compacting precursor powder and then firing at a temperature sufficient to 
develop the desired useful properties. Denser structures will be produced when 
crystallites join to one another at the grain boundaries which then become intimate. 
Sometimes this may consist of a crystalline or vitreous second phase. This change 
happens as a result of decomposition or phase transfer [2.1]. High temperatures 
usually cause (a) a decrease in the porosity, (b) a change in the pore shape, and (c) 
an increase in the grain size. 
A second phase is always present during ceramic sintering and in almost all 
ceramic products prepared by sintering. Residual porosity remains due to the 
interparticle spaces present in the initial powder compact. 
Sintering processes can be divided into three broad categories, (i) solid state 
sintering, (ii) liquid phase sintering, and (iii) gas phase sintering. These cases may not 
be necessarily mutually exclusive, and usually two or more of them work together in 
most cases [2.2]. 
15 
C H A P T E R U Scientific Background 
The sintering mechanism can be explained in terms of a model in which two 
equal spheres (grains) are altered by a transfer of material between them during the 
firing processes. This transfer can occur by diffusion, when the thermal energy causes 
a migration of atoms or ions from one sphere to the other via the lattice vacancies that 
exist in the material. The difference in densities of lattice vacancies, provides the 
driving force for material transfer, from the area of lower concentration to that of 
higher concentration. Where this occurs then the density of vacancies near the 
attachment line between the spheres becomes greater, creating a strong concentration 
gradient between the equilibrium areas. 
The material transfer may take place via a number of different routes, and 
sintering processes can be classified accordingly. As an example : 
(i) in the case of solid state sintering, the mechanisms are : (a) volume diffusion, (b) 
grain boundary diffusion , (c) surface diffusion, and (d) evaporation-condensation 
(discuss in detail in chapter IV); 
(ii) in the case of liquid phase sintering, material transfer during the sintering process 
is facilitated by the intervention of a reactive liquid; 
(iii) gas phase sintering is more commonly called chemical vapour deposition [2.2] 
and will be not discussed further here. 
2.2 - Principles of Sintering : 
2.2.1 - Solid State Sintering : 
When sintering takes place by evaporation-condensation, the driving force that 
gives rise to densification is the free-energy change associated with a decrease in 
surface area and the consequent reduction in the surface free energy following the 
elimination of solid-vapour interfaces. This usually takes place with the coincidental 
formation of new, but lower-energy solid-solid interfaces. The net decrease in free 
energy occurring on sintering a 1-micron particle size material corresponds to an 
energy decrease of about 4.2 Joule g"' [2.3]. The material transfer between grains is 
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affected by the pressure difference and changes in free energy across a curved surface 
[2.3]. 
Evaporation-condensation is not one of the more common mechanisms of 
material transformation in solid state reactions. During this sintering process material 
transfer takes place as a result of differences in surface curvature of the grains, and 
the consequent differences in the vapour partial pressure at various parts of the system. 
Evaporation-condensation sintering is the simplest process to treat quantitatively. 
I f this sintering process is the only dominant one in the system, then the 
distance between centres of spherical particles is not affected by the transfer of 
material from the particle surface to the interparticle neck, created between two 
neighbouring particles. This means that vapour-phase-material transfer does not affect 
shrinkage, because, although long heating may result in a considerable increase in 
interface contact area, the distance between particle centres remains essentially the 
same [2.3]. Clearly vapour-phase-material transfer requires a temperature sufficiently 
high for the vapour pressure to be appreciable [2.2], and for micron-sized particles, 
vapour pressures of the order of lO'^-lO'^ atmosphere are necessary for significant 
material transfer to occur by this mechanism. 
The rate of increase of bonding 
area between particles (see figure (2.1)) 
can be calculated by equating the 
material transfer rate to the surface of 
the lens between the grains with the 
increase in its volume. According to the 
Thomson-Freundlich (Kelvin) equation Figure (2.1) : Sintering by evaporisation 
condensation [ref. 2], 
[2.3], the vapour pressure over the small 
negative radius of curvature is decreased because of the surface energy as follows 
Material 
transfer 
In P\ _ yM 
P. dRT 
( 2 . 1 ) 
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where p, is the vapour pressure over the small radius of curvature, y is the surface or 
interfacial tension, M is the molecular weight of the vapour, and d is the density. In 
this case the neck radius (x) is much larger than the radius of curvature at the surface, 
p, and the pressure difference p^-pi is small. Consequently, to a good approximation. 
In El is equal to — , and we can write: 
Ap = ( 2 . 2 ) 
where Ap is the difference between the vapour pressure above the region of small 
negative radius of curvature and the saturated vapour in equilibrium over the nearly 
flat particle surfaces. The rate of condensation is proportional to the difference in 
equilibrium and atmospheric vapour pressure and is given by the Langmuir equation 
to a good approximation as [2.3] : 
M Am = aAp 
2nRT 
1/2 
gcm'^s-^ ( 2 . 3 ) 
where a is an accommodation coefficient which is nearly unity. Then the rate of 
condensation should be equal to the volume increase, that is; 
( 2 . 4 ) 
a at 
V.2 
The radius of curvature of the two grains at the contact points is approximately — 
(for - < 0.3); the lens area between spheres is approximately equal to the 
r r 
volume bounded by the lenticular surface is approximately - y - that is ; 
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p = — : A= : v= 
2r Ir 2r 
( 2 . 5 ) 
Substituting values for Am in equation (2.3), A and v in equation (2.5) into equation 
(2.4) and integrating, then a relationship for the rate of growth of the bond area 
between particles can be obtained of the form : 
( 2 . 6 ) 
This equation gives the relationship between the diameter of the contact area between 
particles and the variables influencing its rate of growth. 
Evaporation-
condensation may be readily 
compared with the diffusion 
mechanism (see figure (2.2) 
mechanism 5), since 
calculation of the kinetics of 
this process is exactly 
a n a l o g o u s t o t h e 
determination of the rate of 
sintering by the evaporation-
condensation process. The 
rate at which material is 
discharged at the surface 
Figure (2.2) : Matter transport by diffusion mechanism 5, during 
area is equated to the ""''i'*' stage of sintering [ref 2]. 
increase in the volume of 
material transferred, but the geometry is slightly different : 
bauoairy 
P = 4r 
71 X 
v=- 4r 
( 2 . 7 ) 
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To visualize the process it is easiest to consider the rate of migration of vacancies. 
Considering that there are differences in vapour pressure between the surface of high 
negative curvature and the nearly flat surfaces, then there is a difference in vacancy 
concentration : 
Ac= c-c= 
" kTp 
( 2 . 8 ) 
where a-' is the atomic volume of the diffusing vacancy, k is the Boltzmann constant, 
c is the concentration of vacancies, y is the boundary energy, and ac is the excess 
concentration over the concentration on a plane surface c^ . 
The flux of vacancies diffusing away from the area per unit time per unit 
circumferential length under this concentration gradient can be determined graphically. 
It is given by : 
J=4D^Ac ( 2 . 9 ) 
where is the diffusion coefficient for vacancies, will be equal to D*/a^ c^ , where 
D* is the self-diffusion coefficient. Combining (2.8) and (2.9) with a continuity 
equation similar to (2.4), we obtain the result: 
kT 
( 2 . 10) 
With diffusion , in addition to the increase in contact area between particles, there is 
an approach of particle centres and a corresponding reduction in sample size. The rate 
of this approach is given by — 
dt\2rj 
Substituting from equation (2.4), we obtain : 
2/5 ( 2 . 11 ) 
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These results indicate that the growth of bond formation between particles increases 
as the one-fifth power of time (a result which has been experimentally observed for 
a number of metal and ceramic systems), [2.3], and that the shrinkage of a compact 
densified by this process should be proportional to the two-fifths power of time. 
The parameter - is a measure of the pore shape and size, and will increase 
r 
i f r decreases (i.e. shrinkage) or i f x increases (i.e. pore size decreases). Comparison 
of equations (2.6) (evaporation-condensation) and (2.10) (diffusion) shows that - is 
r 
slightly less sensitive to changes in r in the diffusion case, although overall the change 
in r is of course greater. More important is the time dependence, and at first glance 
equation (2.6) suggests that evaporation-condensation is a stronger function of time. 
The temperature dependence of the diffusion process appears superficially to be less 
strong than for the evaporation-condensation process. However, this ignores the 
temperature dependence implicit in the diffusion coefficient D*, since D* is a thermally 
activated parameter [2.3] of the form : 
\kT 
( 2 . 12) 
The temperature dependence of the solid state process may well be pronounced 
depending on the activation energy AE. Hence, in practice temperature may be (and 
usually is) an important controlling parameter for sintering in the case of solid state 
diffusion. For evaporation-condensation, - « j^^ and sintering rate is generally less 
r 
strongly dependent on the temperature. 
In conclusion, the previous equations, and similar relationships for the alternate 
matter transport processes which we shall not derive, are important mainly for the 
insight they provide on the variables which must be controlled in order to obtain 
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reproducible processing and densification. It is seen that the sintering rate steadily 
decreases with time, so that merely sintering for longer periods to obtain improved 
properties is impracticable. Therefore, time is not a major or critical variable for 
process control. Conversely, control of particle size is very important, since the 
sintering rate is roughly proportional to the inverse of the particle size [2.3], 
emphasizing the crucial role of milling/mixing in the preparative process. 
2.2.2 - Liquid Phase Sintering : 
Liquid phase sintering is a sintering process facilitated by the intervention of 
a reactive liquid [2.2]. This process is used for materials which are difficult to sinter, 
such as Si3N4 and SiC [2.2], where the wetting of the solid particles by the liquid at 
high temperatures and the solubility of the solid in the liquid are very important. 
Liquid-phase sintering involves the removal of ions or atoms from surfaces of 
higher energy and depositing them on surfaces of lower energy [2.4] (see figure (2.3)). 
The highest-energy siufaces are those 
with small radii of convex curvature 
[2.2,2.4], the lowest-energy surface are: 
those with small radii of concave 
curvature, large radii surfaces and plane 
surface are intermediate [2.2,2.4]. 
It is found that the rate of 
densification by liquid phase sintering 
Figure (2.3) : Schematic of liquid-phase sintering 
increases as the liquid viscosity [ref 3]. 
decreases at high temperature. 
Densification is also affected by the liquid's surface tension and by the initial shear 
stress required to effect deformation [2.4]. In the case of liquid phase sintering, 
material transfer from pore surface s to the grain boundaries is more rapid where a 
process of solution and precipitation can occur through the medium of a liquid than 
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in the case of diffusion through the solid along grain boundaries [2.1]. 
2.2.3 - Grain Growth : 
This is the process by which the average grain size of strainfree or nearly 
strainfree material increases continuously during heat treatment without change in the 
grain size distribution, there is a constant rate of grain growth for the new strainfree 
grains. The grain size is, d = U(t-t^) , where U is the growth rate (cm s '), t is the 
time, and t^  is the induction period [2.3]. The importance of controlling grain growth 
as an integral part of controlling sintering phenomena cannot be overestimated, when 
grain growth occurs, many pores become isolated from grain boundaries, and the 
diffiision distance between pores and a grain boundary becomes large, and the rate of 
sintering decreases [2.3]. Consequently, the grain growth processes must be actively 
prevented in order to obtain complete densification. Usually densification continues 
by a diffusion process imtil about 10% porosity is reached; at this point rapid grain 
growth occurs by secondary recrystallization (the process by which a few large grains 
are nucleated and grow at the expense of finer grains), and the rate of densification 
is sharply reduced. In order to increase the densification, secondary recrystallization 
should be prevented. Control can be achieved, by adding certain additives to slow 
down the boundary migration to a point at which it is possible to obtain pore 
elimination [2.3]. Extensive grain growth may also result at high sintering 
temperatures. 
Isothermal grain growth proceeds under the driving forces of interfacial energy 
minimization, where the various type of surfaces may be classified as interfaces. These 
include external crystal/vapour surfaces, interphase surfaces (e.g., solid/liquid 
boundaries), and grain boundaries. The existence of interfacial energies has several 
consequences which are of importance in the realm of ceramic material processing : 
(i) sintering can occur, (ii) microstructures are altered, and (iii) properties are affected 
[2.4]. Atoms along the interface with a smaller radius of curvature (smaller grains) are 
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less stable than the atoms at the boundary of a long grain. Therefore, the small grain 
is dissolved by the liquid, and the atoms precipitate onto the surface of the larger 
grains. Single-phase ceramics also exhibit grain growth [2.4]. 
Grain growth also takes place in parallel with densification and is energetically 
favoured by the reduction in the area of grain boundaries. This is because the crystal 
lattice has a lower free energy than the highly defective grain boundary region and the 
ratio of boundary area to volume for large grains is smaller than that for small grains 
[2.1]. Grain growth may be restrained by the presence of a liquid phase [2.3]. 
23 - The Cubic Spinel Type Structure : 
Metal oxides are known to exist in a variety of structure types (e.g. rock salt, 
wurtzite, zinc blend, ..etc, for more 
detail see ref [2.3]), however, in the 
case of Zn2Sn04 the structure is cubic 
spinel and therefore, only this structure 
will be discussed here. The cubic 
spinel modification, is common in 
oxides which take the general formula 
XY2O4, such as magnesium aluminate, 
MgAl204, and Zn2Sn04, where the 
oxygen ions are arranged in a face-
centred-cubic close packing 
f - - a 
I 
I 
I 
I . 
T 
I 
• - 1 
I 
t 
- 1 - , 
Of 
' I 
-J _ 
igure (2.4) : A face-centred cubic lattice. 
arrangement, as shown in figure (2.4). The spinel structure can take on two forms : 
a) The "normal" spinel structure which is generally found in temary oxides 
involving divalent (X^*) and trivalent (Y "^^ ) cations. The divalent cations generally 
occupy the tetrahedral sites and the trivalent cations occupy the octahedral sites. This 
may be represented by the notation X^^[Y2*]0^, ( the cations inside the brackets 
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occupy octahedral sites and those outside the brackets are in tetrahedral sites) and are 
Octahedral interstice 
(32 per unit cell) 
Zn and Sn ions equally 
Tetrahedral interstice 
(64 per unit cell) 
Zn ions only 
( ^ ^ ^ Oxygen ion. 
^ Occupied with Zn and Sn equally in octahedral site. 
(T) Occupied with Zn ions only in tetrahedral site. 
'igure (2.5) : Anangement of Zn2Sn04 atoms (inverse spinel structure type) [ref. 2]. 
frequently referred to; as (2-3} spinels. Example of this structure include MgAl204, 
and ZnAl204. In principle temary oxides involving tetravalent and divalent cations , 
or {4-2}, may also crystallise in the normal spinel structure, i.e. X'^*[Y2*]0^ [2.5,2.6], 
but no examples are listed in the literature. 
b) The {4-2} spinel oxides generally adopt the "inverse" spinel sttucture, 
Y^*[X**Y^*]0^ [2.6], where Y^* ions occupy the tetrahedral sites while the octahedral 
sites are occupied by equal numbers of X"* and Y^ "^  ions. Zinc stannate is thought to 
take this form, i.e. Zn[SnZn]04 [2.3,2.5,2.6]. The arrangement of the ions for Zn2Sn04 
can be seen in figures (2.5),(2.6). The inverse spinel structure is also adopted by some 
{3-2} spinels, such as NiAl204, with the cation distribution given asY^"[X^*Y^*]0^ 
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[2.6]. 
In (4-2) spinel structures (such as ZnjSnOJ the unit cell consists of 32 oxygen 
ions, 8 tetravalent (i.e. Sn) cations and 16 divalent (i.e. Zn) ions. As discussed earlier 
the oxygen ions lie on an 
f.c.c. sub-lattice, which 
consists of close-packed 
planes stacked in an 
. . a , b , c , a , b , c , . . [ 2 . 7 ] 
arrangement. The cations 
are distributed within the 
interstices of the oxygen 
sub-lattice, of which 
there are two types figure 
(2.5): 
- 64 tetrahedral 
interstices, where the 
cation is surrounded by 
40^' ions; 
- 32 octahedral 
interstices, where the 
cation is surrounded by 
60^' ions. 
Figure (2.6) : inverse spinel structure type Layers of atoms parallel 
There are, as a to (001) [ref. 2]. 
result, 96, potenfial 
cation sites within the unit cell, but only 8 tetrahedral and 16 octahedral sites are 
actually occupied, therefore 72 sites are vacant. 
The normal and inverse spinel structures discussed above are "idealized" 
structures in which the 24 cations are not distributed randomly over the 96 possible 
. 4 . 
Q Oxygen 
© Octahedral cation 
^ Tetrahedral cation 
26 
C H A P T E R II Scientific Background 
sites, but instead occupy specific positions within the unit cell. In practice, the cation 
distribution will not conform to the ideal completely, due to the influence of point 
defects, impurities etc. Clearly, the extent to which a given crystal structure is 
stoichiometric will depend on the preparation conditions, purity etc., and there appear 
to be no general rules governing this. 
In the present work, it will be assumed that Zn2Sn04 crystallines in the cubic 
inverse spinel structure and structural data, e.g. x-ray diffraction spectra, will be 
analysed under this assumption. 
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EXPERIMENTAL TECHNIQUES : 
3.1 • Introduction : 
This chapter is devoted to a discription of the techniques employed in the 
formation of Zn2Sn04 (bulk and thin film), and hence the chapter will describe stage 
by stage, beginning with the mixing of raw materials to the final stages of formation; 
it is concerned with ways of mixing and firing (material preparation) and thin film 
growth. In addition to materials preparation, many attempts were also made to control 
the resistivity ( reducing treatements , and doping) and these are described. 
Characterisation techniques are classified according to their application in the current 
study. For example, scanning electron microscopy (SEM) with EDAX and X-ray 
diffraction techniques were used for structural characterisation (section 3.6), while I-V 
and C-V were used in the metal-semiconductor characterisation. A.c. impedance 
measurements, d.c. conductivity measurements and Hall coefficient measurements 
were used in the electrical characterisation of bulk and thin film material. These 
experiments are all well established and the reader is referred, for more details, to 
relevant textbooks and review articles whenever appropriate. 
Semiconducting zinc stannate ceramic pellets were prepared by a solid state 
reaction of the constituent oxide powders, following a conventional ceramic processing 
route. The as-fired samples were then often subjected to further reduction and doping 
procedures, in order to control the electrical conductivity of the material. Thin film 
zinc stannate was also deposited onto glass and examined using the scanning electron 
microscope and energy dispersive x-ray analysis, and x-ray diffraction to determine 
their morphology, microstructure and composition. Electric and dielectric 
measurements were carried out to investigate the electrical properties of the material, 
to determine the best conditions for sintering, reducing and doping, and to find how 
the conductivity behaved with temperature. The ohmic behaviour of the contacts, was 
investigated by measuring the current as the voltage was increased. Conductivity, 
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mobility, carrier concentration, and Hall coefficient were measured as functions of 
temperature from liquid nitrogen temperature to room temperature. A.c. impedance 
measurements at room temperature were used in attempts to separate the resistance 
attributable to the grain bulk from that due to grain boundary or hopping processes. 
Finally, Schottky contacts were formed and used to make C-V and I-V measurements. 
The following sections of this chapter describe the experimental techniques 
used in the preparation of samples and their subsequent microstructural and electrical 
characterization. Methods of analysis of these results are described in later chapters, 
where they are more relevant to the discussion. 
3.2 - Sample Preparation - Powder Processing : 
Zinc stannate semiconducting ceramics were prepared using commercially 
available SnOj and ZnO mixed in the molar ratio ISnOj: 2ZnO. The process is shown 
schematically in figure (3.1). The powders were weighed and either mixed dry in a 
glass pestle and mortar, or ball milled together in a polyethylene jar, (where the 
mixing media were agate balls and deionized water) for 12 hours. The resulting slurry 
was filtered and dried to give a powder cake which was then crushed to a fine powder 
in a glass pestle and mortar. The resulting powder after crushing was remixed and 
small pellets 13mm in diameter and 1mm thick were pressed under a load of 2.4 
tons/m^, and then put into a muffle furnace to be sintered. 
Any contamination from the jar in which the powders were mixed was not 
expected to be serious since, it was made of polyethylene, which is completely 
combustible. Although the mixing balls were agate, a very hard form of SiOj, Si was 
observed in the compound through EDAX. After each stage all equipment was 
thoroughly washed with deionized water to ensure cleanliness and the powders, before 
and after mixing, were covered to reduce contamination. 
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IZnO + ISnO^ 
Dry mixing in 
pesde and mortar. 
Ball milling in 
deionized water for 24 
hours 
Slurry 
Drying 
Cru shing 
Pellet CO mpaction 
Sintering 
Figiu-e (3.1) : Mixed oxide route for Zn2Sn04 processing. 
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3.3 - Sample Preparation - Sintering : 
Sintering was carried out using either a Vecstar VH2 1600°C muffle furnace 
or a Lenton Thermal Designs 
1600°C tube furnace. Figure 
(3.2) shows a typical sintering 
cycle, showing each stage of 
the sintering process. The 
entire cycle was carried out in 
air and samples were placed 
on zirconia plates to avoid 
contamination from the 
furnace walls. 
1280t 
Siniering duration limc 
Rooni leiipenlurc 
^ — • 
~ r 
12 hours 
Igure (3.2) : Typical heating profile for the sintering cycle. 
Reducing Duraiioo Time 
3.4 - Sample Preparation - Reduction : 
Reduction treatments typically took place at 400-450°C for 14 hours, with a typical 
heating rate of 10°C min ', 
in a Lenton Thermal 
Designs 1600°C tube 
furnace. The furnace had 
been adapted to allow the 
atmosphere to be controlled. 
This reduction process was 
carried out using a mixture 
of 25% H j + 75% N2 
flowing through the furnace 
450-C 
Room Tcmpcrjiurt 
14 Hours 
Figure (3.3) : Typical profile of T versus time for the reducing 
treatment. 
at a rate up to 450 cm^ min''. Figure (3.3) shows the typical reducing cycle of 
temperature versus time. 
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3.5 - Zinc Stannate Thin Film Preparation : 
Thin films of zinc stannate were prepared from a Zn2Sn04 target by Electron 
Beam Evaporation. A schematic diagram of the apparatus is shown in figure (3.4). An 
electron beam of sufficient intensity was emitted thermionically from a molybdenum 
filament (cathode), accelelarated and focused onto the evaporant material (Zn2Sn04 
Substrate beater 
Substrate thermocouple 
Substrate holder 
Shutter 
Filament 
Crucibles containing 
zinc stannatc powder 
Water cooled pedestal 
To nxuy pump To diffuxioQ pump 
C- Heated cathode, 
E - Evaporant (anode), 
F- Focusing electrode, 
CS- Water cooled pedestal 
T- Electron trajectories 
igure (3.4) : a)-Schematic diagram of the Electron Beam Evaporator, b)- Schematic diagram 
of the Electron Beam Source. 
powder). The applied voltage on the cage was about 2.5 kV. The focused electrons 
heated the evaporant powder at the site of incidence to the temperature required for 
evaporation. The method enables very high temperatures to be attained and to 
evaporate materials which would otherwise be evaporated only with difficulty or could 
not be evaporated at all. An additional advantage of the method is the prevention of 
contamination of the evaporation source material: The beam heats only the evaporant 
whereas the target holder is usually cooled. At the same time no particles emitted from 
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the heated filament can reach the substrate [3.1] 
3.6 - Microstructurai Characterisation : 
3.6.1 - Scanning Electron Microscopy (SEM): 
Scanning Electron Microscopy (SEM) techniques are well suited for the micro-
characterisation of semiconductors, since they provide high spatial resolution and the 
simultaneous availability of a variety of modes and forms of contrast [3.2]. The 
construction, modes of operation, and uses of the SEM are described in detail in the 
textbooks by Goldstein et al [3.3,3.4] and Holt et al [3.5]. 
Samples were examined using a Cambridge Instruments S600 scanning electron 
microscope (SEM), in secondary electron emission mode. In the SEM an electron 
beam ^ lOOA in diameter is scanned across an area of the sample under investigation. 
A small proportion of the beam is reflected elastically from the surface (backscattered 
electrons). The rest undergo inelastic collision, resulting in the generation of secondary 
electrons which are able to escape from up to 500A below the surface. It is these 
secondary electrons which are used in routine topographic imaging. 
The surfaces of samples which were examined using SEM in either the as-fired 
state, (where the sample was removed from the furnace and immediately set onto an 
aluminium stub, taking care to keep the top surface uppermost), or reduced and/or 
doped. The polished surface method (using emery paper and successively fine grades 
of alumina grit until the region of the sample to be examined is reached) is the one 
most commonly used in the study of ceramic microstructures. There are, however, a 
number of associated problems, where grains which have been pulled away may give 
the sample the appearance of being more porous than it actually was. In addition the 
average grain size is difficult to determine, since there is no certainty that the grains 
have been cut across their diameters. 
The purpose of examining samples with the SEM throughout this work was to 
observe the microstructm"e of each sample and then to obtain an estimate for the 
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average grain size, and an indication of shape and distribution. In addition, the 
Deciron gun 
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Figure (3.5) : Schematic diagram of the scanning electron microscope: a)- Secondary electron 
mode, b)- EDAX mode. 
presence of any second phase on the surface, was detected and observed. Hence, most 
of the microscopy was performed using as-fired and reduced surfaces. Figure (3.5) 
shows the diagram of the SEM and EDAX systems. 
3.6.2 - Energy Dispersive X-ray Analysis : 
A Link Systems 860 Energy Dispersive X-ray (EDAX) analyser, fitted to the 
Cambridge Instruments S600 microscope, was used to determine the elemental 
composition of samples [3.6]. X-ray microanalysis is possible in the SEM as a result 
of the formation of characteristic x-rays from the sample when it is bombarded by the 
electron beam. The primary electrons eject core (and other) electrons (secondary 
electrons) and subsequent relaxations from higher energy levels into the empty states 
are accompanied by the emission of x-rays. For example, when the electron has been 
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ejected from the K orbital, electrons from the L, M and higher shells may relax into 
the K shell. Those which do so from the L orbital emit K a x-rays. The process is 
described by Moseley's law, (v)''^ = C (Z - a) where C is a constant, Z is the atomic 
number and o is a screening factor. Evidently elemental analysis is possible if the 
energy of the x-ray can be measured [3.6]. Furthermore, the electron beam of the SEM 
10 nm in width) may be positioned onto features of the samples, observed using 
secondary electron imaging, enabling analysis of surface features. 
The EDAX analyser comprised a liquid nitrogen cooled, lithium-drifted silicon 
reverse biassed p-n junction. The x-rays fall onto the depletion region of the junction, 
where energy transfer takes place to form electron-hole pairs. Since only 3.8eV is 
required on average to make each pair, which is much less than the energy of the x-
rays, a large number of pairs are generated. The magnitude of the resulting pulse of 
electrical current is then proportional to the energy of the x-ray. The number of 
current pulses and their magnitudes are sorted using a multichannel analyser, and 
displayed on a screen as charts of number of counts versus energy. The spectrum may 
then be compared with those stored in a computer memory, for elemental 
identification. From (v)'*^ = C (Z - a) it can be seen that the frequency of the 
characteristic x-rays decreased as the square of the atomic number and since long 
wavelength x-rays are more strongly absorbed in most media, lighter elements are less 
easily detected by EDAX. Elements having atomic number less than 11 (Na) could not 
be detected with this analyser. In addition, the signal/noise ratio of the detection 
system was ~ 50, which imposed a detection limit on any element of ^ 2%. 
EDAX was used to find the composition of grains and to identify any 
intergranular phases. Other features on the surface, e.g. dust particles or spots of 
impurities, were also examined using this technique. It was not possible, however, to 
detect any differences in dopant concentration at grain boundaries as a result of the 
detection limit. 
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3.6.3 - X-ray Diffractometry : 
X-ray diffraction (XRD) spectra were obtained with a Philips Diffractometer, 
using Cobalt radiation (Coka) of wavelength 1.790A together with an iron filter. 
Sintered pellets were crushed and the powder sprinkled onto double side tape fixed 
to glass slides. The XRD spectrum was typically obtained with a goniometer scanning 
rate of one degree per minute. Planes able to satisfy the Bragg condition, will give rise 
to diffraction peaks in the spectrum and these may be used in equation (3.1) to 
determine the lattice planes : 
IdaoB^nk ( 3 . 1 ) 
where d = inter-planer spacing, 0 = diffraction angle, X = wavelength and n is an 
integer corresponding to the order of diffraction. Since Zn2Sn04 is cubic then the 
lattice constant (a) can be obtained from : 
±-.!!li!hil ( 3 . 2 ) 
where hkl are the Miller indices of the plane. A similar procedure was used for the 
thin films, where the layers were stripped off from the glass substrate and then 
sprinkled onto double sided tape as described above. 
3.6.4 • R H E E D Studies : 
Reflection High Energy Electron Diffraction (RHEED) involved the diffraction 
of an electron beam at grazing incidence. The technique, therefore only samples 
surface layers. Figure (3.6A) shows the form of a diffraction pattern observed for a 
polycrystalline sample (e.g. ZnO [3.7,3.8]), where no preferred orientation is present. 
The pattern consists of a set of continuous concentric semi-circles. The next type of 
a pattern (figure (3.6B)) demonstrates the existence of preferred order as indicated by 
the build up of intensity in short arcs rather than complete semicircles. Figure (3.6C) 
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is an idealised pattern taken from a material with a highly preferred order. 
Crystallinity was assessed by the examination and comparison of one spectrum with 
(A) 
Sample suiface 
Diffracted Electron Beam Intensity 
(from crystal planes) 
(B) 
Central Beam Spot 
\ 
(C) 
igure (3.6) : RHEED patterns; a) randomly oriented polycrystalline sample, 
b) Ploycrystalline sample with preferred order, c) Single crystal sample. 
another to identify relative changes in the structure. RHEED studies were carried out 
in a modified JEM 120. transmission electron microscope (TEM). This technique was 
used to assess the crystallinity and the degree of preferred orientation of the 
crystallites. This technique samples the first few monolayers of the film, is non-
destructive and characterisation takes only a few minutes. 
3.7 - Electrical Characterisation Techniques : 
3.7.1 • Bulk sample characterisation : 
3.7.1a - Contact testing method (bulk I-V) : 
The purpose of these measurements was to investigate the degree to 
which the contacts were ohmic. Figure (3.7) shows the arrangement of the apparatus 
for these experiments. Single short pulses ( ~ 1.5ms) of the set voltage were applied 
across the sample, which was placed in series with a resistance of known value. The 
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voltages across the resistor and the sample were measured using a digital storage 
oscilloscope and used to calculate the current through the circuit and thus the 
Digital storage 
oscilliscope 
Power 
supply 
Pulse generator 
Voltage controller 
Standard resistors 
- T L 
The sample 
Figure (3.7) : Apparatus for Current-Voltage measurements. 
resistivity of the sample under the applied electric field. Pulses were used to avoid 
Joule heating effects. 
3.7.1b - Conductivity Measurement Techniques : 
A - Four point probe method : 
A simple arrangement for resistivity measurement is the four-point-
probe method shown in figure (3.8), where the probes are arranged as parallel straight 
lines with length (t) separated by a known distance (L). The current (I) flows between 
outer probes while the voltage (V) is measured between the inner probes. The sample 
should be of thickness (d) . The resistivity can be obtained from the equation : 
( 3 . 3 ) 
In practice, current flow will probably be nonuniform and the measured resistivity will 
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therefore be an average value over the sample area. A Keithley 617 programmable 
Electrometer was used as a current supply, and a Keithley A195 multimeter was used 
to measure the voltage. An Oxford 
Instruments cryostat was used to 
measure the resistivity at low 
temperature using liquid nitrogen, 
while the temperature was 
control led by an Oxfo rd Figure (3.8) : Four-Probe-Method for conductivity 
measurements. 
Instruments Intelligent Temperature 
Controller ITC4. The system was controlled by an Archimedes computer, and the 
measurements were made in the temperature range of 80K < T < 300K. 
B - Van der Pauw Methed : 
Van der Pauw showed that the resistivity and Hall voltage could be 
measured for any flat sample of arbitrary shape using four ohmic contacts (arbitrarily 
labelled 1,2,3 and 4) in figure (3.9) [3.9]. The effects of the exact shape of the sample 
on the measured results are 
minimised so long as the 
assumptions on which the 
calculation is based are 
maintained. These include; 
uniform thickness of the 
sample and negligably small Figure (3.9) : Four probe method, (Van der pauw mediod) for 
the resistivity measurements and Hall coefficient. 
contacts positioned anywhere at 
the periphery of the sample. 
Experimentally, four In/Ga contacts were applied to the sample substrate after 
polishing. Measurements were made of the resistance between consecutive pairs of 
contacts (Ri2,34, R23,4i. R h u ' and R4,_23, where the first and second pair of subscripts 
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refer to current and voltage terminals respectively). The resistivity is then given by the 
formula : 
P = 
nd 
ln2 
1^2,34 "^ •^ 3.41 
2 
(R ( 3 . 4 ) 
where d is the sample thickness, and / is a correction function, full details of which 
can be found in reference [3.9]. This method of determining the resistivity and Hall 
coefficient eliminated the effects of offset potentials and provided some averaging. 
The measured data were smoothed using a least squares fit approach and current scans 
were performed in both forward and reverse directions to provide further averaging. 
In addition, the current - voltage data were plotted to ensure that the contacts to die 
sample were ohmic. This method was also used for measurements of the conductivity 
of the thin films. 
3.7.1c - Hall Effect Measurements : 
A) - Five-Probe-Method : 
Rectangular bars normally with dimensions of 9 x 3 x 1 mm^ were cut 
from the circular pellets. After reducing and cleaning the samples, In/Ga alloy was 
used to form a small area 
ohmic contact . The 
electrical contacts were 
connected to the sample 
with fine copper wires 
(which were fixed onto die 
sample holder ), using quick Figure (3.10) : Five-Probe-Method for Hall measurements. 
drying silver paste. Figure 
(3.10), shows the contact arrangements for the voltage measurements. A potentiometer 
was included in the circuit to allow for offsets in the measured Hall voltage. Before 
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applying the magnetic field,the potentiometer was adjusted so that no voltage appeared 
across terminals 1 and 2. This ensured that terminals 1 and 2 are on the same 
equipotential surface. When a magnetic field was applied the Hall voltage was 
developed across terminals 1 - 2. The magnetic field was then reversed, the Hall 
voltage remeasured, and the average of the two was taken to cancel out any effects 
due to misalignment of the contacts. These measurements were also made in the 
temperature range 80°K < T < 300°K using an Oxford Instruments (model DN1704) 
cryostat and rrC4 temperature controller. The average Hall voltage can be used to 
obtain the Hall coefficient (RH) in the following formula : 
Vd 
R„ = ^  ( 3 . 5 ) 
where V^ is the voltage set up between probes in the y-direction and is known as the 
Hall voltage, and d is the sample thickness. 
B ) - Van-der-Pauw-Method : 
The Hall coefficient is determined from the change in resistance Ri2,34 
or R23,4i (see figure 3.9) with a change in the magnetic field perpendicular to the plane 
of the sample aB [3.9]: 
R . - ^ ( 3 . 6 ) 
The system was automated, using an Archimedes computer, together with a constant 
current source, an overall controller, and a magnet and power supply. The 
microcomputer controlled a constant current source, the magnet power supply and a 
bank of reed relays designed to configure the system for each of the required 
measurements. There were four resistivity and two Hall configurations. Voltages were 
measured using a Keithley digital multimeter and communicated to the computer over 
an IEEE bus. The sample was placed in a cryostat which could be evacuated down to 
— 10'^  mbar and cooled to liquid nitrogen temperatures. Manual measurements were 
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also made independently of computer control. RH can be used to obtaine the carrier 
concentration (n) according to the formula : 
( 3 . 7 ) 
nq 
where q is the electronic charge. 
From equation (3.7) and (3.4) the Hall mobility ( p j can be determined as : 
( 3 . 8 ) 
Where a is the electrical conductivity (a = 1/p). 
Eleclrometer 
3.7.1d - Conductivity Type Testing Techniques : 
A) - Seebeck Effect: 
The diffiision of the mobile carriers (either holes in p-type or electrons 
in n-type) from higher temperature regions, to lower temperature regions can be used 
to determine whether a sample is n-type or p-type. I f an area of a semiconducting 
wafer is heated locally, as shown in figure (3.11), the majority carriers diffuse away 
from the hot region. A 
voltage is then produced 
between the hot and cold 
probes, and can be used to 
determine the conductivity-
type of the sample. I f the 
sample is n-type the hot 
probe voltage will be 
positive with respect to the cold probe. The opposite is true for a p-type sample. 
O 0 
a Cold probe 
Hot probe 
The sample 
Figure (3.11) : Hot probe (Seebeck) method. 
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B) - Hall Coemcient : 
The conductivity type can be obtained from the sign of the Hall 
Coefficient providing the geometry is known. Using a 
five-probe-method, with the current in the wafer flowing 
from top to bottom (figure (3.12) shows the n-type 
sample situation), while the magnetic field direction is 
from the front to the rear, the voltage will be positive on 
the right hand side for an n-type sample. It will be the 
opposite for p-type samples (i.e. the voltage will be 
negative on the right hand side). This is a consequence 
of carrier motion under crossed electric and magnetic 
fields fulfilling the Lorentz force equation. 
Magnetic held inlo Ihe sample 
Figure (3.12) : Five point 
Hall method. 
3.7. le - A.c. Impedance Measurements : 
Ac impedance measurements were carried out at room temperature and 
at frequencies up to 5 MHz using a Hewlett-Packard HP 4342A Q-meter, from which 
the R C, and L equivalent parameters for the sample can be calculated. For the 
purpose of the impedance measurements, however, a parallel connection of resistance 
and capacitance was required, since the parallel equivalent values could be measured 
using the Q-meter. The series equivalent values were then calculated from the parallel 
results in the usual way. 
The parallel impedance is given by : 
/ ^ ( l - ; o ) C ^ p 
( 3 . 9 ) 
where CO = 27u/ and / is the frequency of the applied ac voltage. Cp and Rp are the 
parallel circuit equivalent resistance and capacitance, respectively. 
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The series impedance is given by 
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( 3 . 1 0 ) 
where and are the series cncuit equivalent resistance and capacitance 
respectively. 
Then since Zp must clearly be equal to as they both describe the same sample; 
( 3 . 1 1 ) 
Figure (3.13) shows a schematic diagram of the parallel resistance -
capacitance connection of the Q-meter. This operates on the principle of resonance 
Unknown Stable 
Figure (3.13) : Equivalent circuit for the Q-meter. 
in parallel between the coil inductance, L, and the Q-meter( variable capacitance C ,^), 
or the inductance and sample. Measurements were taken in the following way : firstly 
the Q and values of the meter alone, in series with the inductor, were obtained by 
shorting across the sample and tuning the variable capacitor, C ,^, to give a maximum 
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deflection on the meter. The sample was then included in the circuit, and was 
adjusted again, to obtain resonance. I f Ci and Q, are the values of capacitance and Q 
of the meter alone and Cj and Q2 are those when the sample was included, the 
equivalent parallel resistance, Rp, and Q of the sample may be obtained using the 
equations : 
v i v ^ v ^ j — 1 £ ( 3 . 12 ) 
( 3 . 1 3 ) 
where a Q = Q, - Qj 
} ( 3 . 1 4 ) 
Rs and X j are then obtained from equations 
P V _ V V 
For optimum operation of the Q-meter it was necessary to find as large as 
possible a value for (C1-C2) in order to obtain an accurate value for Q. As a result, 
measurements of Q were subject to inaccuracies at low frequencies because values of 
(C,-C2) were generally small, particularly with conducting (i.e. reduced) samples . 
3.7.2 - Schottky diode studies: 
3.7.2a - Temperature Dependent (I-V) Measurements : 
Detailed point-by-point measurements of I-V characteristics as a 
function of temperature were carried out using a Keithley multimeter (model A195) 
( which provided a high impedance for voltage measurements and a low impedance 
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for current measurements). The bias voltage was derived from a calibrated DC supply 
(Time Electronics Ltd. Model 2003). The sample was maintained at the desired 
temperature using an Oxford Instruments DN1704 static He gas exchange gas liquid 
nitrogen cryostat controlled by an Oxford Instruments ITC4 temperature controller. 
Temperature was measured by a platinum resistance thermometer placed close to the 
sample while a second Pt resistance thermometer was used for temperature control. 
The measurements were taken between 77K and room temperature. 
3.7.2b - Temperature Dependant C-V Measurements : 
Capacitance - Voltage characteristics were measured manually using a 
Boonton 72B Capacitance meter, which of)erates at I MHz, with the sample mounted 
in the same cryostat as the I-V measurements. The DC bias was provided by a 
calibrated voltage source ( Time Electronics Ltd Model 2003). Measurements were 
made at selected temperatures between 77K and room temperature. Steady state was 
assured by leaving the sample for at least a minute at each temperature (i.e. when no 
further change in the displayed values was seen) before taking the desired reading. 
3.7.3 - Optical Transmission Measurements : 
The optical transmission of thin film samples was obtained using a Perkin 
Elmer Lambda 19 spectrophotometer in the wavelength range 300 nm < X, < 2500 nm. 
The Lambda 19 spectrophotometer has an all-reflecting, double - monochromator 
optical system, employing holographic gratings in each monochromator. Figure (3.14) 
shows the schematic for the optical system. 
Two radiation sources, a deuterium lamp (DL) and a halogen lamp (HL), cover 
the working wavelength range of the spectrophotometer, and are selected 
automatically. The radiation is first passed through a double monochromator, to 
provide a highly collimated monochromatic beam. This is then devided into reference 
and sample beams, and the latter is passed through the sample. Transmission / 
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absorption in the sample is then measurred by comparing the sample and reference 
beams, thus any fluctuation in the beam intensities is automatically cancelled out. 
The resulting transmission spectrum is displayed on a computer screen and 
may be downloaded to a digital plotter, i f a permanant record is desired. 
Personal Computer 
Spectrometer 
Printer 
A) - Instrument Configuration 
B) - Schematic of Optical System 
Monochr. I ^ 
ft 
M5 
Monochr 
Rcfcrancc 
Sample 
Sample 
Compartment 
Detector 
Compartment 
Figure (3.14) : Scheinatic of spectrophotometer system. 
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Undoped zinc stannate bulk material 
4.1 - Introduction : 
Ceramic di-zinc stannate, Zn2Sn04, as-sintered is an insulating material having 
an electrical conductivity of the order of 10'^  Q"' cm"'. After a suitable heat-treatment 
in a reducing atmosphere, the conductivity increases dramatically towards 10^  i l " ' cm"' 
and the colour changes from white to dark grey. The conducting material has been 
assessed for jjossible use for composite contacts [4.1], because of its good stability and 
conductivity. 
In order to determine the conditions for the formation of the compound a series 
of sintering trials had first to be carried out. These were then followed by a sequence 
of heat treatments in a reducing ambient to investigate the relationship between the 
reduction process and the conductivity. Additional information was obtained from a 
limited number of thermal gravimetry (TG), differential scanning calorimetry and 
(DSC) experiments. 
This chapter describes the preparation of as-fired and reduced zinc stannate, 
Zn2Sn04, and the results of the thermal analysis . 
4.2 - Detailed Experimental Procedure : 
4.2.1 • Sintering trials : 
The zinc stannate, Zn2Sn04, was made from the solid state reaction at elevated 
temperature, between tin (IV) oxide, (SnOi), and zinc oxide, (ZnO), as described in 
chapter IE. 
ZnO and Sn02 powders of the highest commercially available purity were 
mixed in the ratio 2ZnO : lSn02 either by ball milling or by pestie and mortar. The 
mixed powders were then heated in the temperature range, 1200°C < T < 1300°C, in 
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air, to form the compound, Zn2Sn04. Several heating rates between 60°C h ' and 
600°C h'^ were used, in order to determine the effects on the sintering behaviour. All 
samples were cooled down to room temperature at the natural cooling rate of the 
furnace, after it had been switched o f f They were then examined by SEM and ED AX 
to assess sample porosity, grain size and composition. Powdered samples were 
examined using XRD to determine whether the material was monophase. 
4.2.2 • Reduction Trials : 
The zinc stannate samples were reduced by re-firing sintered samples in 25% 
H2 / 75% N j atmosphere. A series of such reduction trials was conducted in which the 
samples were heated to temperatures in the range, 440°C < T < 450°C, for 14 hours. 
The reduced samples were then examined again by SEM and EDAX to determine 
whether there had been any change in the sample porosity, grain size and/or 
composition. Powdered samples were also examined using XRD to confuni that the 
material was still monophase and to ensure that the compound had not been reduced 
to the elemental metals. The resistivity - temperature characteristics were then 
measured to determine; the optimum reduction heating temperature and time. 
4.2.3 • Thermal analysis : 
Thermal gravimetry (TG) and differential scanning calorimetry (DSC) 
measurements of an intimate stoichiometric mixture of zinc oxide and tin oxide were 
carried out in air up to 1400°C using a muffle furnace, in order to determine the 
reaction temperature. Sintered zinc stannate was then heated to 800°C in a mixture 
of 10% H2 / 90% N2 to find the temperature of reduction, i.e. the temperature at which 
a significant amount of oxygen was lost. Finally, reduced zinc stannate was re-heated 
in air to establish when the material was re-oxidized. Al l samples were heated and 
cooled at a rate of 10°C mm\ 
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4.2.4 - Structure and Morphology : 
The aim of examining samples with SEM throughout this work was to observe 
the microstructure of each sample, and then to obtain the average grain size. In 
addition, SEM observations were used to detect the presence of any second phase on 
the surface. Hence, most of the microscopy was performed using as-fired surfaces. 
4.2.5 - Structure studies : 
X-ray powder diffraction was used to investigate and confirm the formation of 
Zn2Sn04. Powder samples produced from crushed pellets were taken at every stage of 
both formation and reduction of the compound and assessed by XRD. 
4.3 - Materials Processing : 
4.3.1 - Sintering Trials : 
Al l as-fired samples were uniformly white in colour, and well sintered pellets were 
strong and difficult to break. Typical XRD spectra from samples sintered at 
temperatiires of 8(X)°C, 1000°C and 12(X)°C are shown in figure (4.1) For comparison 
the XRD spectrum obtained from a sample of mixed (but unsintered) powders of SnOj 
and ZnO has also been included. Lines unique to Zn2Sn04 can just be discerned in 
the trace firom the sample sintered at 800°C (note the {111} line at 20 - 22°). While 
these Zn2Sn04 lines are much more prominent in the XRD spectrum from the 1000°C 
sintered sample, lines due to unreacted ZnO (e.g. at 20 - 37°) and SnOj (e.g. 20 -
32°) are still present. It is only in samples sintered at the higher temperature of 
I200°C that no evidence of unreacted SnOj and ZnO can be found. These results 
suggest that while the reaction to form Zn2Sn04 appeared to start at temperatures as 
low as 800°C it was only when the temperature was raised to 1200°C that the reaction 
went to completion in the timescale of the experiment (12 hours). The absence of 
other additional lines in diis spectrum confirmed that the material was single phase. 
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The variation in the intensity ratio of (IzruSn04<3ii>/IznO(29=42.4°)) with sintering temperature 
«3 
1 
1^1 
0) 
c 
I 
'I 
o Irt o n O in in 
Figure (4.1) : x-ray diffraction patterns for zinc stannate : (a) starting material, (b) fired at 800°C, (c) 
fired at 1000°C, (d) fired at 1280°C. 
is given in figure (4.2) and shows how the reaction progressed with temperature. This 
indicates clearly that significant compound formation started at ~ 1000°C. The XRD 
data from Zn2Sn04 are summarised in table (4.1), together with values taken from 
Filippova [4.2] for reference. The principal diffraction occurs from the {311} planes 
due to the face centred cubic with spinel structure of the material. Analysis of the X-
ray data gave an estimate for the lattice parameter of Zn2Sn04 of a = 8.65 ± 0.006 A. 
This compares favourably with other published values as shown 
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in table (4.2), confmtiing the integrity of the compound. 
Table (4.1): Summary of X-Ray Diffraction Data for 
Zn2Sn04. 
i i i i Int. d A h k l d A ref[2] 
21 4.99 1 1 1 5.01 
2 22 3.05 2 2 0 3.03 
3 liiiii 2.61 
4 21 iiliiii;: 2.49 
l i l l ii|ii;;p::; 4 0 0 2.17 
6 2 L76 4 2 2 1.76 
7 32 1,66 5 1 1 1.65 
8 34 1,53 4 4 0 1.51 
Lattice constant a = 8.65 ± 0.006 A 
Rad, CoKa with K = 1.7902 A , Fe filter 
Note : 2 ZnO : 1 SnO, fired at 1280°C for 12 hours. 
Table (4.2): Some published lattice constants for Zn2Sn04 
liEliil Author(year) lattice, con. ref 
1 Taylor (1930) 8.65±0.005A 4.4 
lllll; Frevel (1942) 4.5 
jlllifij Filippova(1960) 43 
4 Yoshida(1976) 8.67 to 8.68A 4.6 
Present work a = 8.65 ± 0.006 A 
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N 
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The morphology of sintered 
samples was found to vary 
littie with the sintering 
temperature for Ts < 
1300°C (see figure 4.3). 
Typically samples had 
grains ranging from 1pm to 
15 pm in size. There was 
some evidence for the 
presence of a very small 
amount of glassy phase 
Figure (4.2) : The variation of EnzSnO^ZnO X-ray peak intensity 
which had segregated to the ratio versus the firing temperature, 
surface in some samples 
where it appeared mostiy in the spaces between grains. The glassy phase was revealed 
to be rich in zinc by 
EDAX. 
Heating rates 
s e e m e d t o be 
unimportant over the 
r a n g e t e s t e d . 
Comparing figures (4.3) 
(heating rate = 10°C 
min"') with figure 4.4 
(heating rate = 5°C 
min"') shows there was Figure (43) : Photograph showing grain sizes and pores for a sample 
, . , , . heated at a rate > 10°C min' to 1280°C. 
littie i f any change m 
grain size or shape, although there was an increase in the size and density of 
intergranular pores in samples heated more rapidly. However, when samples were 
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sintered at temperatures 
> 1450°C, black 
deposits become visible 
on the surfaces of 
grains, as shown in 
figure (4.5) When 
examined with EDAX 
f igure (4,6) , the 
deposits were found to 
be tin, indicating that 
some of the zinc had 
evaporated leaving tin 
Undoped zinc stannate bulk material 
i^gure (4.4) : Photograph showing grain sizes and pores, for a sample 
heated at a rate of 5°C min"' to 1280°C. 
on the surface. This suggests that at temperatures greater than 1450°C either the 
ternary Zn2Sn04 or the component binary oxides start to dissociate. The high vapour 
pressure of Zn would 
mean that littie i f any 
free Zn would remain 
on the surface of the 
sample at such 
e l e v a t e d 
t e m p e r a t u r e s , 
explaining why only 
Sn is observed. 
Detailed comparison, 
using EDAX, of the Figure (4.5) : Photograph showing strange deposits on the surface of ; 
sample fired at T > 1300°C (for 12 hours). 
composition of gram 
boundaries with the general surface, showed the grain boundaries were rich in zinc. 
This is evident from the EDAX spectra in figure (4.7), which shows a reduction in the 
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Sn : Zn peak height ratio of about 50% in the grain 
boundary area. This was an interesting result which 
provided an insight into the mechanism of sintering 
and wil l be discussed more fully in the discussion 
section (4.4). 
4.3.2 - Reduction Trials : 
The zinc stannate samples were reduced by 
Figure (4.6) : E D A X spectra taken 
re-firing sintered samples in an atinosphere of 25% from sintered samples heated : (a) 
T T / - r r ^ r X T * r • r . . (solid line) To T > 1300°C, (b) (dotted 
H2 / 75% N2. After a senes of heat treatment trials ijne) j = i28o°c. 
it was found that a temperature of 440°C < T < 
450°C for 14 hours was the optimum. These conditions avoided reduction of the 
compound to the metallic state as confirmed by the XRD in figure (4.8) which shows 
the XRD spectnun from a reduced (14 hours at 
440°C) sample. Comparison with XRD spectra 
from the reduced and unreduced compound, show 
that the material had not undergone any change of 
phase or composition. Heating samples in reducing 
atmosphere to higher temperatures led to the 
; 
[a
.u
. 
_•: 
: 
1 
1 1 1 1 1 1 1 r — 1 1 — 
KP.V reduction of some of the surface material to the 
i'igure (4.7) : E D A X spectra taken 
metallic state. This is illustrated in figure (4.9) from a typical sintered sample : (a) 
, . , , , , , (solid line) a typical pore, (b) (dotted 
which shows that when the temperature was ung) general area scan. The sample 
J c'nnn^ i c r , , was sintcrcd at 1280°C for 12 hours. 
mcreased to 500°C, the surface of the sample 
became covered in metallic droplets with a small 
diameter of ( ~ 50 pm), shown by EDAX to be tin, while the surface beneath the 
droplet was found to be rich in zinc. A sequence of reduction trials was carried out 
at temperatures in the range 370°C - 600°C. The resulting pellets are shown in the 
photograph of figure (4.10). As grown, the samples were white, but gradually 
darkened 
57 
C H A P T E R IV Undoped zinc stannate bulk material 
as the temperature of reduction was increased to a dark charcoal grey when reduced 
at 440°C. At 550°C the metallic droplets become visible to the unaided eye and were 
J 
J 
U 
Figure (4.8) : x-ray difft^tion patterns for zinc stannate : (a) starting material, (b) as-fired, (c) reduced 
sample. 
accompanied by a corresponding reduction in the physical size of the sample. It was 
found that the samples lost 0.016 grams in weight as a result of heating to 500°C in 
a reducing atmosphere for 14 hours, and 0.001 grams for a sample heated to 350°C 
for the same time, which it has been assumed was due to loss of O2 only. A graph 
showing the molar ratio of Oj loss with reciprocal reducing temperature is shown in 
figure (4.11). This clearly shows thermally activated behaviour with an activation 
energy E^ of 82.4 kJ mol '. It is not clear how typical this value of the activation 
energy is for such ceramic oxides, but it is an indication of the degree to which 
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reduction/oxidation processing may be carried out in this material. The activation 
energy is sufficiently 
large to ensure room 
temperature stability 
and reduced samples 
wUl not reoxidise in air 
at that temperature. 
Indeed die DSC/TG 
(thermal analysis) 
m e a s u r e m e n t s 
(discussed below) 
suggest that re-
Figure (4.9) : Photograph showing a metallic droplet on the surface of 
oxidation only OCCured a sample annealed at T > 500°C for 14 hours. 
at relatively high 
temperatures (T>500°C) in air. 
26 mm 
600°C 550°C 530°C 510°C 490°C 470°C 450°C 430°C 410°C 390°C 370°C 
Figure (4.10) : Photograph showing the colour changes with increasing reduction temperature. Metallic 
droplets appear on the surface at 550°C. 
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Figure (4.11): The amount of Oj loss during reduction of Zn^SnO^ versus the heating 
temperature. 
4.3.3 - Thermal Analysis : 
The T G and DSC characteristics for a mixture of 2ZnO : ISnOj heated in air 
to a temperature of 1400°C are shown in figure (4.12). The DSC curve has a small 
broad peak at ~ 450°C - 550°C probably due to the burning away of 
carbon-containing impiu-ities, and a narrower peak at 1058°C , indicative of compound 
formation. The T G results show a small weight loss at ~ 450°C, although significant 
weight reduction does not begin until the temperature is above 1150°C when 
preferential loss of zinc oxide starts to take place. This is in agreement with the results 
of the sintering trials (4.2). 
Figure (4.13) shows the T G and DSC curves for the sintered material under heat-
treatment up to 800°C in the reducing atmosphere. The T G curve shows significant 
weight loss occurring above 600°C, when the loss of oxygen accompanying reduction 
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to the metal becomes substantial. The DSC curve , on the other hand is featureless, 
demonstrating that no 
reaction or phase change 
had taken place. Note 
that these trials were 
carried out in 10% H2 / 
90% N j , whereas most 
reduction trials (section 
4.3.2) were undertaken in 
(25-30)% H2 / (70-75)% 
O 
]UQO UQQ 600 800 
Temperature 1 () 
N j . SEM examination of ^'S'^''^ (4.12) : Thermal gravimetry (TG) and differential scanning 
calorimetry (DSC) for a 2ZnO : SnOj mixture, heated in air. 
samples that had been 
annealed in 30% H2 / 70% N j atmosphere, revealed that they were reduced to their 
metallic states at the lower temperature of 500°C as a result of the higher 
concentration of H2 
(section 4.3.2). Re-
oxidation of samples 
w h i c h had been 
previously annealed at 
440°C in 30% Hj / 70% 
N j was found to take 
place at 500°C , as 
shown by T G , DSC and 
DTG results in figures 
(4.14 , 4.15). These 
200 coo 600 
Temperoture TCl 
800 
Figure (4.13) : Thermal gravimetery ( T G ) and differential scanning 
calorimetry (DSC) for as-fired Zn2Sn04, heated in 10% I 90% N .^ 
curves show a small feature at ~ 220°C and a much larger feature at ~ 550°C which 
is probably associated with re-oxidation of the reduced sample and was accompanied 
by a change of colour from black to white. The origin of the features at 220°C and 
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350°C is not known, but may also be associated with changes in the oxidation state 
of the compound. 
TG 
\ OTG 
100 200 300 UQO SOD 600 700 800 
Temperoture CCI 
igure (4.14) : Thermal gravimetery (TG) and differential thermal 
gravimetry (DTG) for reduced Zn2Sn04, heated in air. 
I Tempgralure CC. I 
Figure (4.15) : Thermal gravimetery (TG) and differential scanning 
calorimetry (DSC) for reduced ZnjSnO ,^ heated in air. 
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4.4 - General discussion : 
4.4.1 - Compound formation : 
From the results presented in this chapter it is clear that the optimum firing 
temperature to form zinc starmate was about 1280°C. The present work has also 
confirmed that the solid state chemical reaction between lSn02: 2ZnO starts relatively 
slowly at about 900°C to form Zn2Sn04; this result is, to some extent, in conflict with 
Tazaki et al (1951) [4.6], who concluded that zinc stannate could not be obtained 
below a temperature of 900°C. However, this would depend on the heating time, 
which in their case was much shorter than ours (60 min. as against 12 hours). The 
complete reaction of the compound without any additional phase was shown in the 
present sudy to be obtained when stoichiometric mixmres were heated at 1280°C for 
12 hours as described in section (4.2.1). 
These results which were confirmed by SEM, EDAX, and X-ray diffraction, 
are in close agreement with previously reported work [4.3,4.7,4.8], for example, 
Kostolov et al. (1958) [4.3] reported that zinc stannate could be formed from a 
mixture of zinc oxide and tin oxide at a temperature of 1300°C for 20 min. They also 
concluded that zinc oxide began to react with tin oxide at temperatures above 800°C. 
Similar findings were obtained by Filippova (1960) [4.2] (T = 1200°C), Shimada 
(1976) [4.9] (T = 1300°C), Zuyao (1987) [4.10] (T = 800°-1500°C), and Hashemi 
(1990) (T = 1280°C) (see section 1.4). 
When firing was carried out at a higher temperature (T - 1400°C) it was found 
that the compound was rich in SnOj, this possibly caused by preferential evaporation 
of zinc oxide from the sample surface leaving it deficient in Zn as shown in the 
photograph figure (4.5) and by the EDAX results in figure (4.6). This result is in 
agreement with Glot and Nadzhafzade (1991) [4.11], who found SnOz residue in their 
samples when fired at higher sintering temperatures (T <- 1520°C). 
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Heating rate was found to affect the surface morphology of the sample, and of 
the heating rates tried (60°C h ' <, rate < 600°C h ') , the best was found to be 60°C 
h"' (5°C min ') which gave samples with fewer and smaller pores. In addition, the 
peak height ratios of Sn and Zn in ED AX spectra were comparable to those obtained 
from homogenous mixtures of the constituent ZnO and SnOj powders,(i.e. indicating 
better stoichiometry), in agreement with Hashemi (1990) [4.7]. Generally heating rate 
did not appear to affect the structure, as observed in the XRD patterns of powdered 
samples fired with different heating rates. The pores in all sets of samples appeared 
to be slightly rich in zinc, as shown in figure (4.7), again in agreement with results 
in [4.2,4.3,4.7]. The pores are assumed to be created as a result of the evaporation of 
ZnO, at points where SnOj was not available for reaction, possibly because of 
incomplete mixing, as suggested by Hashemi et al. [4.7]. The mean grain size 
(determined from area counts assuming spherical grains) varied from ~ 5.5pm 
diameter when the heating rate was 600°C h ' to ~ 8pm diameter when the lower 
heating rate of 60°C h ' was used. 
The as-fired compound was white in colour and highly resistive (p > 10' Q 
cm), though not a complete insulator, since it was possible to observe the surface 
morphology in the SEM without the need for gold coating. 
4.4.2 - Sintering : 
Sintering is a term commonly used to describe coalescence of solid powder 
particles at elevated temperatures and comprises three principal stages, neckgrowth 
(joining of particles together), densification (with the formation of interconnecting pore 
channels) followed by spheroidal shaping and isolation of pores as described by 
Thummler (1967) [4.12]. These stages of sintering result in bonding together of 
particles and ultimately, to the removal of internal porosity, causing external shrinkage 
and the achievement of desirable physical properties. The major importance of 
sintering processes in the formation of ceramics and in powder metallurgy, has made 
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these processes the subject of considerable research effort [4.12-4.14]. The sintering 
mechanisms by which particles may unite are described in section (2.2). 
During the normal processing of ceramics, crystalline or non crystalline 
powders are compacted and then fired at a temperature sufficient to form the desired 
compound, where during the sintering process changes may occur initially because of 
decomposition or phase transformation in some of the phases present. There are many 
aspects of concern, but the major changes which may occur are in grain size, pore 
shape, pore size, and pore number. 
In the present case the reaction was thought to take place mainly by solid state 
chemical reaction as mentioned in section (4.4.1). In this study which was concerned 
with the best way to understand and then interpret the sintering mechanism the 
important variables of concern were grain growth, densification of the single phase 
system and finally multiphase processes [4.15a]. 
The diffusion sintering mechanism is considered one of the major sintering 
mechanisms in single-phase ceramics, e.g. magnetic and ferroelectric ceramics [4.16], 
Such diffusion involves the movement of atoms and the counter movement of lattice 
vacancies, and is known to be strongly affected by temperature and ambient 
atmosphere. As discussed earlier (section 2.2.1), the difference in free energy or 
chemical potential between the neck area and the surface of the particle provides a 
driving force which causes the transfer of material by the fastest means available. I f 
the vapour pressures are low this may occur more readily by solid state processes. 
In the present case, zinc can diffuse into Sn02 in three ways, interstitially, 
substitutionally or through vacancies. It is generally believed, that there is a relatively 
large concentration of interstitial zinc ions, Znj, in ZnO that are free to diffuse through 
the lattice. Sn02 exists in a metal [4.15b] in which Sn ions occupy only half the 
available octahedral sites. There are generally large concentrations of 0 in Sn02 
(especially at high temperatures where equilibrium vacancy concentrations are high) 
and the requirements for electrical neutrality result in a combination of Sn vacancies 
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together with mixed Sn valence states (Sn^", Sn''^)[4.15b]. There are therefore, many 
sites, both interstitial and substitutional, for the in-diffusing Zn to occupy. 
Both the concentration of Zn; ions and their mobility are strongly dependant 
on the temperature [4.16b]. Our experience suggests that it is only above a certain 
temperature (1000°C) that these processes are sufficiently rapid to take place in the 
timescale of the experiment (12 hours). 
In addition to solid-state diffusion it is possible that an evaporation-
recondensation mechanism may have been important. In this mechanism, material 
transfer occurs as a result of the differences in surface curvamre and consequently the 
differences in vapour pressure at various pans of the system (see section 2.2.1). When 
two adjacent particles in the powder compact are just beginning to sinter. The surfaces 
of the particles have a positive radius of curvature so that the vapour pressures are 
somewhat larger than would be observed for a flat surface. However, just at the 
junction between the particles, there is a neck with a small negative radius of 
curvature and a vapour pressure an order of magnitude lower than that for the particle 
itself. Then material can be transferred into the neck area as result of the vapour 
pressure differences, between the neck and the. particle surfaces. 
As pointed out above, the pores were found by EDAX to be rich in zinc and 
this would be consistent with an evaporation-condensation sintering process. This may 
be understood in terms of the evaporation of zinc at points where Sn was not available 
for chemical reaction due to incomplete mixing, as discussed previously. On cooling, 
the zinc vapour would condense on the walls of the pores leading to the observed Zn-
rich surfaces. I f this interpretation is correct, then it can be taken as evidence that zinc 
vapourisation was occurring, and if this was so, then sintering by evaporation-
recondensation would also been expected to have taken place. 
The size and shape of pores were found to be dependant on the heating rates 
(see figures 4.3,4.4). In particular, heating rates that were too fast led to a higher 
incidence of pores that were comparable in size to the grains. This was probably due 
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to the zinc evaporating away from the surface, before it had time to react with the tin 
oxide. When the heating rate was less rapid, zinc loss was reduced because the 
temperature throughout the sample was more uniform. Thus material sintered with 
heating rate < 5°C min."^ displayed lower concentrations of pores with a smaller mean 
size. This effect was more pronounced on the surface where zinc loss was greater. In 
the sample bulk, pore densities were lower, and smaller since the zinc was effectively 
trapped and prevented from escaping. This was true even when the highest sintering 
temperatures were used and when zinc loss from the surface was significant, 
indicating, that grain growth was sufficiently rapid in the bulk to prevent pore 
formation there even at the highest temperatures. 
4.4J - Reduction behaviour: 
As-fired Zn2Sn04 samples were insulating and were white in colour, with an 
electrical conductivity of the order of 10'' Q"' cm '. On the other hand, samples fired 
in a reducing atmosphere were electrically conductive having conductivities of the 
order of - 10^  Q"' cm"', (The electrical properties will be discussed in more detail in 
the next chapter). As reported earlier, the reduction also led to change in colour from 
white to black. It is clear through figure (4.9) that the colour was beginning to change 
at a reducing temperature of 370°C and was eventually complete when the temperature 
was 430°C (for a heating time of 14 hours). Heating in a reducing ambient should lead 
to a preferential loss of oxygen from the Zn2Sn04. The resulting loss of stoichiometry 
in the compound would result in conversion of the tin from the tetravalent to the 
divalent state m order to preserve charge neutrality (O^'-K^', Sn^^-Sn^*). Divalent 
tin compounds are generally black and the observed colour change is a good indication 
that this is what had happened. The associated oxygen vacancies will act as donor 
centres [4.17], resulting in the observed decrease in the resistivity. The reduction 
process can be represented formally as [4.18]: Znl*Sn^*0^-xO-*Zn^^ +Sn1lj^nl^O^_j. 
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Clearly i f oxygen loss is too great, then the compound will start to decompose to its 
metallic constituents as was observed when reduction temperatures > 500°C were 
used. It was found that the oxygen loss ratio (in mol.) varies from 0.024 to 0.204 as 
the reduction heating temperature was increased from 350°C to 500°C with an 
activation energy for the process of Ea = 82.4 KJ mol '. It is worth noting, that the 
density of O2 vacancies will be very large and it is therefore not surprising that the 
conductivity could be increased by many orders of magnitude as a result. 
4.5 - Summary : 
In summary zinc stannate was prepared from the solid state reaction of ZnO 
and SnOj powders using oxides of the highest commercially available purity. The 
compound began to form at 900°C, but the x-ray diffraction spectra showed that 
monophase compound formation could not be achieved at firing temperatures below 
1280°C (12 hours with a heating rate of 5°C min ') . This was also found to be the 
optimum formation temperature from the thermal analysis measurements. 
Exceeding the optimum sintering temperature resulted in the decomposition of 
the compound as revealed by SEM which showed that the surface began to be Sn-rich 
at 1300°C. The material disappeared completely at about 1500°C. The sintering 
mechanism was thought to be primarily due to an evaporation - recondensation 
process involving the zinc. 
The zinc stannate compound was white in colour, and well sintered pellets 
were strong and difficult to break, and electrically insulating. After suitable heating 
treatment in a reducing atmosphere, the colour changed from white to grey/black and 
the conductivity increased dramatically to about 10"^  Q cm '. However, heating the 
sample in reducing atmosphere at too high a temperature led to reduction of some of 
the surface material to the metallic state. This was shown by EDAX where some tin 
metallic droplets were obseved on the surface of samples reduced at high temperature 
(T ^ 500°C), while the surface beneath the droplets was found to be rich in zinc. 
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Weight loss measiu-ements indicated that the activation energy of reduction was 82.4 
kJ mol ', which is thought to be sufficiently large to ensure the stability of the reduced 
compound (i.e. the reduced sample will not re-oxidise in air at room temperature). 
TG/DSC studies for a refired, reduced sample implied that the re-oxidation of 
samples which had been previously reduced at 440°C would take place at 500°C. 
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CHAPTER V 
ELECTRICAL MEASUREMENTS OF UNDOPED MATERIAL : 
5.1 - Introduction : 
As mentioned in chapter IV, as - fired Zn2Sn04 usually had a very high 
resistivity and it was not possible, therefore, to make electrical measurements without 
first treating the compound in some way.The conductivity could be changed from 10'' 
Q ' cm ' for as fired samples, to — 1x10'^  Q"' cm"', by the reducing treatment in H j / 
N2 ambient already described in chapter IV. This chapter therefore will be primarily 
concerned with investigations of the electrical characteristics of such undoped reduced 
samples. The intention is to know and understand more about the conductivity 
behaviour, and mechanisms. 
Both transport (R-T & Hall ) and dielectric (a.c. impedance) measurements 
were carried out, to try and determine current transport mechanisms in the bulk. The 
behaviour of the contacts was tested by (I-V) measurements, to ensure there was no 
barrier between the contact and the sample. This would show as a variation in 
resistance with applied voltage. In principle, transport measurements enable the 
carrier density to be determined and the scattering mechanisms to be studied. The a.c. 
impedance measurements provide information on the influence of the grain boundaries 
on current transport. 
5.2 • Sample preparation and contacts : 
Measurements were carried out on Zn2Sn04 pellets that had been sintered at 
1280°C for 12 hours and then annealed at 440°C for 14 hours in Hj/Nj (25% : 75%) 
ambient. In addition some reduced samples were re-fired in an at 600°C for 12 hours, 
in order to increase the resistivity to ~ 200 Q. cm. This was necessary for the a.c. 
impedance measurements, where the reduced samples were too conducting. Generally 
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the pellets were polished with alumina powder down to a grit size of about 1pm, and 
then etched in 1(HF) : KHNOj) : 4(CH3COOH) to remove any surface damage, as 
well as metallic residues. Ohmic contacts were then obtained using an In/Ga alloy. 
Both In and Ga are relatively low work function metals and should give barrier - free 
low resistance contacts to an n-type semiconducting material such as Zn2Sn04. (The 
n-type nature of zinc stannate was revealed using Seebeck effect, and Hall voltage 
measurements). 
A series of current 
- voltage measurements 
were made to confirm that 
the contacts were ohmic 
and were not limiting the 
current. In order to 
minimise any self -
heating effects, the 
measurements were made 
using voltage pulses of 
short duration. A known 
resistance was connected 
in series with the sample, and the voltage across the resistance was measured, using 
a digital storage oscilloscope, and used to calculate the current through the sample. 
Further details about the measurements have been described earlier in chapter i n . 
Every sample was observed to give ohmic behaviour, as shown in figure (5.1). This 
is a typical plot of fog Rj versus applied voltage U, for an un-doped sample, reduced 
normally then re-fired in free air at 600°C for 12 hours. 
C! 
^ 0 0 0 -i 
100 
o o 
CI O n O n O O O O 0 U 
• 1 ' 1 ' 1 ' 
0 1 0 2 0 3 0 40 
Applied Voltage U (V) 
Figure (5.1) : Normalised resistance versus applied voltage. 
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5.3 - D.C. Transport measurements : 
5.3,1 - Conductivity - Temperature characteristics : 
A typical series of 
plots of conductivity versus 
temperature, between 77K 
and BOOK, are shown in 
figure (5.2), for samples 
annealed at different 
temperatures from 420°C to 
450°C, in 25% H2 / 75% N2 
gas, for 12 hours as 
described in chapter IV. 
Plotting fn(p) (where p is 
the sample resistivity) at 
particular temperatures 
430C 
440C 
4200 
450C 
1.25H 
0.50-
i'igure (5.2) : Conductivity versus 1/T from 77K to room 
temperature, for samples annealed in the temperature range 420°C to 
450°C. 
versus reciprocal annealing temperature gave the graphs in figure (5.3), which were 
used in an attempt to 
estimate the activation 
energy for the annealing 
processes. It was found 
that the slopes decreased 
w i t h i n c r e a s i n g 
measurement temperature 
fi-om 6.44 X 10^ i2 cm 
K, at 80K to 3.23 x 10^ 
^ cm K, at 280K. This 
suggested that either the 
resistivity was not 
100000 T 
10000 -i 
1000 i\ 
•? 
a 100 
> 
•a 
10 
(140K) 
(200K) 
(280K) 
.1 -\—•—I—•—I—'—I—•—1—'—I—^—r 
13.8 13.9 14.0 14.1 14.2 14.3 14.4 14.5 
10000 , , , , - 1 
Annealing T 
"igure (5.3) : Resistivity versus reciprocal annealing temperature. 
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carrier density or that the creation of donors (i.e. Oxygen directly proportional to the 
vacancies) through the 
annealing process was not 
a simple thermally 
activated process. There 
was, also, a change in the 
slope of the resistivity -
temperature characteristics 
at h i g h annea l ing 
temperature, which may 
have been due to the onset 
of reduction of the 
material to the metallic 
state. 
It can also be seen 
from figure (5.2) that the 
conductivity increased 
w i t h i n c r e a s i n g 
measurement temperature, 
which is typical of 
semiconductor behaviour. 
However, when plotted on 
Cn Oqc versus lyT axes the 
data were found to lie on a 
concave curve (rather than 
a straight line), showing 
that the conductivity was 
not of the simple activated 
002 0.004 0.006 0.008 0.010 0.012 0.014 
- ( K ) 
Figure (5.4) : Log a versus l/T, for samples annealed at different 
temperatures (as labelled in the graph ). 
10 
o 
g 
1 ^ 
.01 
• 420C 
• 430C 
• 440C 
o 450C 
.001 -1 . , , 1 • 1 , r 
0.24 0.26 0.28 0.30 0.32 0.34 
Figure (5.5) : Log a versus (1/T)'^ for samples annealed at 
different temperatures (as labelled in the graph). 
form a « exp [-eJkT] (see figure (5.4)). The curvature 
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found suggested that, instead, a fi t to the formula : 
0=0 exp^ - — ( 5 . 1 ) 
With Y<1 was more appropriate. 
In order to throw more light on the mechanism of conduction a series of curves 
were plotted using different values of y from 0 to 1, so as to determine the best value. 
It was found that y = 1/4 gave the best straight line fit to equation (5.1). This can be 
seen from figure (5.5), where the data in this figure were replotted as Cn a versus 
(l/ry^. This relationship will be discussed more fully later, but is typical of "hopping" 
behaviour. 
5.3.2 • Hall measurements: 
Samples used for this measurements were similar to those used for the 
conductivity measurements, (as described in section 5.3.1). A typical plot of Hall 
coefficient R H , versus 
temperature for a typical 
reduced sample can be 
seen in figure (5.6), and 
shows that the variation in 
was not large. 
Replotting the data as Bog 
n versus temperature (i.e. 
assuming J?^  = — ) in 
qn 
figure (5.7), shows that the 
carrier concentration 
increased a little with increasing temperature from ^ 3 x 10'^  cm"^  at 80K to ^ 9 x 
"'igure (5.6) : Hall coefficient (RH) versus temperature 
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10'^ cm'^ at 300K. When plotted on Cn(n) versus 1/T axes, no evidence of the usual 
thermally activated carrier behaviour of the concentration of n was found (i.e. straight 
lines were not obtained). 
Figure (5.7) : Carrier concentration (n) versus temperature. 
5.3.3 - Discussion: 
As pointed out in section (5.3.1) the conductivity did not vary with temperature 
in a simple thermally activated way, but was more characteristic of "hopping" between 
localized states [5.1-5.3]. 
The movement of electrons in complex polycrystalline oxides is often 
associated with localized states in the energy gap [5.1], with electrons moving directly 
between localised states rather than via the conduction band. This localized state 
conduction can take place in three different ways, as has been described by Roberts, 
Apsley, and Munn (1980) [5.4]. First, they may be thermally activated over the 
potential barrier separating the two states. However, the barrier height is usually of the 
same order as the energy separating the localised states from the extended states, thus 
i f the temperature is sufficiently high, extended state conduction will be the more 
favoured process. Secondly, carriers may tunnel through the potential barrier to 
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neighbouring states and thirdly carrier transport may take place by a combination of 
activation and tunnelling. This thermally assisted tunnelling has been dubbed 
"hopping" [5.4], and is an important feature of conduction in some oxide compounds. 
Hopping conduction should not be confused with the Pool effect [5.4], where 
conduction takes place by emission from the states to the conduction band. Here, 
conduction is directly from state - to - state. 
Hopping or localized state conductivity is normally associated with amorphous 
material [5.5],[5.6-5.16], but X R D showed that our material was crystalline [ chapter 
rV]. This implies that the energy required for localized state conduction, a(lAr'^'*), was 
less than required for band conduction, a(l/T). Zn2Sn04 is a wide gap material, as 
may be deduced from its colour, which is white in the unreduced state. Although the 
reduced material was dark grey, this did not imply a change to a narrow gap phase, 
since the X R D results (chapter IV) clearly showed no such phase change was 
occurring. The colour change may be, instead, taken to indicate the creation of a high 
density of localized states in the gap by the reduction process (Oxygen vacancies, 
[5,17]). Such a high concentration of states is necessary for the electron to be able to 
transfer from state to state, since the states must be close to each other i f the 
probability for hopping to occur is to be significant. In addition the Hall data showed 
that, although the carrier concentration was relatively high ( ~ 10'^  cm'^ ) there was 
little variation with temperature (80K - 300K), as one would expect for localized state 
conduction [5.4]. 
I f the mean distance between nearest neighbour states is (9?nn), then the 
probability at low field for hopping is given by exp (-('iRnn)) [5.4], and the 
conductivity is therefore given by 
a = ao exp [ -<9inn) ] ( 5 . 2 ) 
The number of empty states N(9?) which lie within the range (9?nn), is given by the 
integral 
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NiSt) = f [ N(E)a -AE))4n Bt^dRdE ( 5 . 3 ) 
where f(E) is the Fermi Dirac function. If N(E) is constant and equal to (the state 
density at the Fermi level), then it can be shown that [5.4]: 
[ n ^ k t ) -
^ ( 5 . 4 ) 
where = 
3\ 24a is a characteristic temperature for hopping in the material , and 
a may be regarded as the inverse Bohr radius of the localized states. Equation (5.4) 
is generally known as the Mott T'^ law of Variable Range Hopping (VRH)[5.3]. The 
conductivity is then given by : 
a = ao exp [ -(To/T)'^^ ] ( 5 . 5 ) 
where oo is a constant, hence the use of (l /T) ' '" as the horizontal axis in figure ((5.5) 
Analysis of the pre-exponential term, oo, shows that it is given by : 
ao = A q^  a V (9lnn) °/kT ( 5 . 6 ) 
Where A is a constant, V is the frequency at which the electron attempts to leave the 
state, and n is an integer (either 2 or 3) [5.4]. 
Substituting for {9?nn) by -(ToA')'''*, the conductivity may be written : 
a = (A q' a V lTom"^%T) exp [-TofTf" ( 5 . 7 ) 
Taking n = 3 [5.4] for bulk samples : 
O = (A q^  a V To^'%)rT^''^ exp [-ToAT]''" ( 5 . 8 ) 
This suggests that a graph of fn (oT''"') versus (l/T)' '" should give a straight line with 
slope = (To)''^ and intercept ao'= (A q^  a v To '^'*/k). 
Replotting the data of figure (5.5) on Cn (oT'^ '*) versus (l/T)''"' axes gives a 
series of straight lines as shown in figure (5.8), confirming that hopping was the main 
transport mechanism. 
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The values of To and ao obtained from figure (5.8) have been listed in table (5.1). It 
may be noted that To depends inversely on the state density, N/, from equation (5.4). 
I f it may be assumed that N / is generated by the reduction treatment, then one may 
speculate that N / is related to the reducing temperature by an equation of the form : 
V * / 
substitution in To (equation 5.4) gives 
( 24on ( 
\ fi> J 
. exp and a graph of Cn (To) versus reciprocal annealing 
temperature should yield a 
straight line with positive 
slope, as can be seen in 
figure (5.9). From the 
slope of this straight line 
an activation energy of 
395 kJ mole"' is obtained. 
This rather high value may 
be compared with the 
activation energy of 82.4 
kJ mole"' obtained earlier 
for the reduction process 
430C 
Figure (5.8) : log cT"" versus (i/T)"^ 
from weight loss measurements (chapter IV), and suggests that N / is not directly 
related to the reduction process. The origin of the states associated with hopping 
mechanism is not known, however it may well be the case that more than one state 
is involved in the transport process. 
The carrier mobility in hopping conduction is dependant on the range (9?nn) 
and thus on the applied voltage. Consequently, the standard relationship between a, 
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( 5 . 9 ) 
10' 
10 •1 1 1 1 i 1 . 1 . 1 1 1 r -
1.38 1.39 1.40 1.41 1.42 1.43 1.44 1.45 
1000 
^(innealing) 
(K)-
igure (5.9) : T^ versus the reciprocal of the reducing temperature 
(I/Tr). 
will not strictly apply. However, one may define an effective mobility, defined in 
the same way as : 
Peff=RH<J ( 5 . 1 0 ) 
which for a relatively constant R H , will essentially follow the temperature dependence 
of a, i.e. : 
Peff = po exp (To/T)^^" ( 5 . 1 1 ) 
Figure (5.10) shows a graph of fog (p^ff) versus (l/T)''"* for a typical annealed sample 
(at 440°C for 12 hours, in 25%H2 / 75%N2 gas). The mobility values are low, 1 < 
< 14 cm^ v"' sec"' over the temperature range, 80K < T < 300K. In addition, the data 
display a good straight line relationship, i.e. Cn (yi^„) oc (1/T)'^''. Both the low value 
and the (l/T)''"* dependence are consistent with hopping and provide additional 
evidence that localized states conduction was the dominant conduction mechanism 
[5,18],[5.3]. In fact, the effective mobility should become limited by percolation at 
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higher temperatures as the states become saturated. There is some evidence for the 
onset of saturation from figure (5.10) at the higher temperatures, where some small 
bending of the characteristic may be seen. 
Hopping conduction has been reported in transition metal oxide ceramics [5.1]. 
In these materials electron 
transfer is thought to take 
place between ions of the 
same type, but which 
differ by unity in their 
oxidation state. Clearly, 
this is likely to occur 
readily in transition metal 
ceramics oxides such as 
NiO, where electron 
transfer from Ni^ * to Ni^ * 
ions on equivalent sites 
would constitute the conduction mechanism. In the present case the lattice contains 
Sn *^ and Sn"*"^  ions which in principle, could account for such a mechanism. However, 
in the case of tin the transition involves valency change of two (Sn *^ Sn^) and it 
is difficult to associate this with a hopping process in Zn2Sn04 in any simple way. 
1 1 • r 
0.22 0.24 
— I ' 1 ' 1 ' 1 — 
0.26 0.28 0.30 0.32 0.34 
Figure (5.10) : Carrier mobility versus (1/T)"*. 
5.4 - A.C. impedance measurements : 
5.4.1 - Experimental results of a.c. impedance plots : 
A.C. impedance plots were taken within the audio and radio frequency ranges 
(10 KHz < / < 4 MHz) at room temperature. The real (R )^ and imaginary (Xj) parts 
of the impedance were calculated and plotted in the form of a complex impedance 
diagram (R^ verses X^), as described in chapter II. It was found that reduced samples 
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were too conducting to 
make this kind of study 
and so the reduced 
samples were re - oxidised 
by heating in air at 600°C 
for 12 hours. As described 
earlier in chapter HI, these 
plots enable the separation 
o f t h e d i f f e r e n t 
contributions (e.g. grain 
boundary, and bulk 
Figure (5.11) : A.c. impedance plot for a sample reoxidised in air 
res i s tance) to the (600°C for 12 hours), after reduction, 
resistance f rom the 
position of the low and high frequency intercepts etc [5.19-5.22]. 
Figure (5.11) 
1000 
shows a t y p i c a l 
complex impedance 
diagram for a re-
oxidised sample. It was 
found that the high 
frequency intercept of 
the curve on the R^  axis 
for this sample was 
effectively zero, while 
the low frequency 
intercept was 4 x 10' 
Q. The points displayed 
150000 
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Figure (5.12) : The variation of the imaginary part of the impedance 
with frequency. 
some scatter, but were best fitted by assuming two interpenetrating semi-circles as 
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indicated in figure (5.11). The variation of the reactance, X^, with frequency is given 
in figure (5.12), from which the maxima in the reactance are found to occur at 160 
KHz and 35 KHz, with corresponding values of X, of 1.28 x 10^  Q and 1.15 x 10^  Q 
respectively. 
5.4.2 - Discussion : 
The principle of impedance analysis is based on the fact that the physical 
processes which take place during charge transport through a solid or liquid system 
are conveniently represented by analogous electrical circuits with appropriate 
combinations of resistive and 
capacitive elements. Measurement of 
impedance over a wide range of 
frequency has been most successful in 
qualitative, as well as quantitative 
determination of these equivalent 
circuit parameters which provide a 
much better insight into the 
mechanisms of charge transport [5.19-
5.24]. 
The plot of the imaginary part 
(Xs) of the total impedance against the 
r I g u r e (5 .13) : Schematic equivalent circuit (a) and 
real part (Rs) as parametric function of corresponding impedance plot (b) for electrical transport 
through a ploycrystalline solid. 
frequency shows distinctive features 
characterizing specific combinations of the equivalent circuit elements. In general, 
each parallel R - C combination gives rise to a semicircular arc in the complex 
impedance plot, while a pure capacitance is represented by a vertical line. A series of 
semicircular arcs usually indicate a series combination of a number of lumped R - C 
circuit elements, each of which cortesponds to a particular arc in the characteristic and 
(a) 
(b) 
Rs 
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in turn to a distinct physical process having a significantly different relaxation time 
from the others [5.19-5.21,5.25]. Usually, three different processes take place during 
charge transport through a polycrystalline solid : (i) bulk conduction, or in other words 
intra-grain conduction, (ii) conduction across the grain boundary (inter-grain 
conduction) and (iii) transport across the electrode-specimen interface [5.23]. Each of 
these processes may be represented by independent R - C combinations and depending 
on the relative values of their relaxation times and on the magnitude of the three 
effects, they may give rise to up to three semicircles. In this context, our results, 
figure (5.11) may be interpreted as two semicircles. 
From the diagram in figure (5.13), the following equation for the total series 
impedance can be deduced, from the individual equivalent R-C components : 
(5 . 12) 
where ( 5 . 1 3 ) 
Multiplying (5.13) by it's conjugate (1-j co Cj R^ ) : 
, 2 2 ( 5 . 14) 
Substituting from (5.14) into (5.12) for a two component system : 
By separating the complex parts, equation (5.15) becomes : 
1+0)^X1 1 + (0^T2 1 2 2 , 2 2 
I + C O ' ' T I 1+(I) 
(5 . 16) 
(5 . 17) 
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where x^=C^R^ ; X2~^2^-
From equation (5.17), the following may be deduced : 
a) when co = 0 , X , = 0 & Z , = R, =R„+R,+R2 
b) (0 ^  oo then -» R,, . 
From these two results, it was found that R^  + R, + Rj for our sample was equal to 
4.1 X 10^  Q, and from the high frequency region R^  -> zero, suggesting that there was 
no frequency independent component of conduction in the material. This may be 
interpreted as indicating that the grain bulk was depleted of free carriers (which would 
not display any frequency dejjendence). This would be consistent with the hopping 
mechanism suggested by the d.c. results (section 5.3). I f the grain bulk is depleted, 
(i.e. no free carriers) then the only conduction process is the hopping mechanism 
between localized states. Such a hopping process has a natural time constant 
associated with it (i.e. it has an equivalent resistance - capacitance product related to 
the mean hopping time). 
It can be seen that the relationship between X^ and R^  goes through two 
maxima, (from two semicircles) which means two relaxation times can be deduced 
through the following analysis : 
From equation (5.17) the reactance is given by : 
s ( 5 . 1 8 ) 
The semicircles will be well separated, if the maximum value of the two terms in the 
square brackets maybe distinguished. Thus one semicircle dominates when 
x,R, _^ x ^ 
1 +0)2x5 l+ci^xl 
( 5 . 19) 
in which case we may ignore the second term of (5.18). Then the maximum, Xj , , will 
be at COQ, which can be deduced from the following equations : 
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d(i3 
( 5 . 20 ) 
for a maxunum, dX /^dco = 0, and this will occur when the numerator = 0, co = (0^, 
( 5 . 2 1 ) 
from (5.21) : = ^ w^j = — 
^1 ^1 
( 5 . 22 ) 
Back substitution for CO to obtain the value of X, = X, 
_ _ 1 ^ 
. 2 2 
^1 [ (1+1) J 
^1 ( 5 . 23 ) 
Hence Ri = 2X,i. From figure(5.11), X^, = 1.25 x 10' Q, at co„, = 165 KHz and R, = 
2.5 X lO' Q. 
Similarly at lower frequencies when the second term in equation (5.18) is dominant 
CO - 1/v and Rj = 2X32, again from figure (5.11), X 3 2 = 1.1 x 10' Q at 35 KHz and 
R2 = 2.2 X lO' Q. 
Ci, C 2 can be determine from co i^, CO02, from the definition, equation 5.17 : 
Ci = — — , from graph (5.11) : Cj =3.86 x 10 ' ' Farad = 2.9 x lO"' F m"' , = 
20J X 10"'^  Farad = 1.55 x 10 '' F m l The results are summarised in table (5.2). It is 
tempting to speculate that one of the semicircles is related to grain boundary 
depletion, in which case the associated depletion width W should be simply related 
to the capacitance by : W = 2eJC . 
However the capacitance values were too small and the corresponding widths as a 
result were too large to relate to the grains ( > 10 pm). It is therefore not possible at 
this stage to associate either of the equivalent capacitances with grain boundary 
87 
C H A P T E R V Electrical Measurements of Undoped Material 
depletion and the corresponding relaxation times are clearly related to more complex 
phenomena. 
Table (5.1) : Values of oo, and To for samples reduced at different temperatures. 
AU samples were heated for 14 hours in H2/N2 atmosphere. 
Reducing temperature 0 0 {Q. cm)'' 
i 420'C 0.36 X 10^  32.5 X 10^  
1.00 X 10^  13.5 X 10^  
1111 0.24 X 10^  4.2 X 10^  
jli;||:|i||:!f||i 0.12 X 10^  2.0 X 10^  
Table (5.2) : Equivalent circuit parametrs from a.c. impedance measurements, for an 
undoped sample. 
Parameter Value Parameter Value 
1.01 X 10^  Hz 
lllilliiill; 
2 . 2 X 10^  Q 29 nFm"' 
160 KHz i l i i i i l 
7.27 X 10"" F m"' 
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5.5 - Summary : 
As-fired Zn2Sn04 is very resistive and it was not possible to make any 
electrical measurements, unless the sintered Zn2Sn04 pellets were refired in a reducing 
atmosphere (Hj/Nj mixture at 450°C for 14 hours). The conductivity as a result of diis 
treatment was changed from 10 ' Q"' cm"' to 10"^  Q"' cm"'. Dc conductivity, R-T, Hall, 
and dielectric (a.c. impedance) measurements were carried out on reduced samples 
(partially reduced samples for ac impedance measurements only). Ohmic contacts were 
obtained using In/Ga alloy and were tested for ohmic behaviour using pulsed current -
voltage measurements. 
Dc conductivity measurements revealed that the main carrier transportation 
mechanism was variable range hopping, where the temperature dependence of the 
conductivity varied as exp(To/r)"'*. This result was consistent with similar phenomena 
in other ceramics systems. Hall measurements showed that the carrier concentration 
was constant with temperature at about 10" cm'^. This would be expected for a 
ceramic where electron hopping was the main conduction process. 
The mobility result was found to obey the same temperature dependence, exp 
(To/T)'^^, again as expected for a hopping mechanism phenomena. 
A.c. impedance measurements gave two semicircles on the complex impedance 
plot indicating that there were two quite separate relaxation times (T , = 6.25 x 10"^  sec, 
I2 = 2.86 X 10"' sec) associated with the conduction. It was not possible to relate either 
to any particular mechanism ( i.e grain boundary effects, hopping, etc.). 
Al l of the experimental results and analysis showed a good degree of 
reproducibility and consistency between the different analytical methods. 
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CHAPTER VI 
DOPED ZINC STANNATE (Zn^SnOJ : 
6.1 - Introduction : 
The use of dopants as a means of controlling the properties of a given material 
is well established both in semiconductors and ceramics. Small quantities of 
appropriate impurity are typically used to control the resistivity, mechanical or 
electrical behaviour of such materials. However, in a material [6.1-6.5], like zinc 
stannate which is relatively unresearched, such doping studies have not yet been 
carried out. There have been a few reports of research in Zn2Sn04, and these mostly 
concern room temperature microstructure [6.2-6.6]. No electrical characteristics, still 
less any theoretical studies have been undertaken on zinc stannate. A complete picture 
of the effects of dopant type or concentration, therefore, has not yet been established. 
The study described in this chapter has examined aspects of colour change, 
microstructure and electrical conductivity following donor dopant incorporation into 
polycrystalline zinc stannate, and in particular, has studied the effects of donor 
concentration on grain boundary characteristics, resistivity and complex impedance. 
A number of doping trials were carried out with Zn2Sn04 in order to find ways 
of controlling the resistivity extrinsically. The intention was to try and dope 
substitutionally, with elements from groups I I I and V of the periodic table which, 
depending on whether they substituted for Zn or Sn in the host lattice, would act as 
donors or acceptors [6.1]. For example, if a Zn atom were replaced by an In atom, 
then the third valence electron on the In ion is only loosely bound to it, as a result 
only a small amount of energy (i . e. « KT at room temperature) would be required 
to break the bond and release the electron, which is then said to have been donated 
to the conduction band of the Zn2Sn04. Similar arguments may be applied for the 
other cases, e.g. a group V ion substituting for Sn""^  in the lattice etc.. Attempts were 
made to dope the Zn2Sn04 using Nb, Ta, V, In and Bi. The dopants were introduced 
in a variety of ways, from different precursors and at different stages in the 
processing. 
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Metal-semiconductor (M-S) diodes were also investigated. These allow voltage 
- dependant capacitance relationships to be investigated. Such measurements give 
estimates of net carrier donor density and provide an indication of interface state 
activity. 
6.2 - Sample preparation : 
Samples were prepared in a number of ways : 
a) - by milling crushed pellets of zinc stannate, with powders of the relevant 
dopant in concentrations ranging from 0.01% - 10% M (M = NbjOj .InClj.SHjO, 
TaClj, InjOj) for 12 hours in a polyethylene mill using deionized water and agate 
media. After drying the mixture, pellets were pressed in the usual manner. Generally 
5 samples of each composition were sintered in the muffle furnace, at 1280°C for 12 
hours. 
b) - by crushing pellets of zinc stannate with the dopant in a pestle and mortar, 
before pressing and sintering pallets as in (a). 
c) - by pre-doping the Sn02 or ZnO precursor powders and then pressing and 
firing to form sintered pellets (section (6.3))[6.7]. 
d) - doping with pure indium metal from the vapour phase. 
With exception of, the indium doping (d), the as-fired samples were found to 
be too insulating for electrical measurements, thus the samples were usually reduced 
as described in chapter IV. Samples were polished slightly, to flatten their surfaces 
and electrodes of In/Ga alloy were applied. The resistivity of five nominally identical 
samples were measiu'ed as a function of temperature in a cryostat, between 
temperatures 77K and 300K as described in chapter I I I . An average resistivity was 
then calculated, together with the variation between samples, to check reproducibility 
between nominally identical samples. Thin samples ( ^ 1 mm thick) were prepared for 
the dielectric measurements (capacitance and impedance plots) in order to minimise 
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any effects of fringing on the electric field across the samples. In/Ga alloy was again 
used for the electrodes. The measured samples were also used for current - voltage 
measurements, enabling larger fields to be applied using a standard laboratory power 
supply. These measurements were carried out at room temperature. 
6.3 - Direct Doping Metliods : 
6.3.1 - NbaOj 
Initially different amounts of NbjOj were added to the Sn02+ZnO starting 
materials so as to give a range of Nb:Sn ratios (the amount of SnOz was reduced in 
proportion to ensure a constant (Sn+Nb):Zn ratio). Subsequently NbjOj was also added 
directly to Zn2Sn04, as this was found to be more reproducible. The powders were 
then mixed and pressed (2 Ton pressure) into 13 mm diameter pellets before firing at 
1280°C (with a heating rate of 5°C min"') for 12 hours. Cooling was at the natural rate 
of the furnace. 
6.3.2 - TaCij 
In this case the TaClj powder was added directly to Zn2Sn04 powder rather 
than to the precursor materials. The powders were mixed in acetone in order to 
improve homogeneity, and the resulting slurry was then dried for 6 hours in the usual 
way, and fired at 1280°C (with a heating rate of 5°C min"') for 12 hours. 
6.3.3 - Ta^Os 
This was a second attempt at doping with Ta, using the oxide rather than the 
chloride as the dopant precursor. The samples were prepared in an identical manner 
to that used for Ta2Cl5 doping, with the TajOj added directly to the Zn2Sn04 powder. 
6.3.4 - InCl3.3H20 
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InCl3.3H20 was added to the Zn2Sn04, and the powders mixed, dried and 
pressed and then fired. Due to the higher volatility of In, a two step heating regime 
was used in which there was an initial In in-diffusion stage at a temperature of 500°C 
before the temperature was raised to 1280°C in order to sinter the pellets. The firing 
profile is shown in figure (6.1). 
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Figure (6.1) : Heating profile for InClj.SHzO doping. 
6.4 - Pre-doping of Zn2Sn04 precursors : 
6.4.1 - Pre-doping of SnOj with NbiOj 
An attempt was also made to pre-dope the SnOj starting material with Nb205. 
The Sn02 was mixed in varying proportions with the Nb205, and then pressed into 
pellets and fired. 
6.4.2 - Pre-doping ZnO with NbzOj, In^Os and Bifi^ 
Similar pre-doping trials were carried out with the ZnO precursor. As with the 
Sn02, the dopant was added to the ZnO powder which was then mixed, pressed and 
fired. The pre-doped ZnO was then used in three different mixtures: 
a) - Nb-doped ZnO + Nb-doped SnO^, 
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b) - Nb-doped ZnO + undoped Sn02 + Nb205; 
c) - Nb-doped ZnO + undoped SnOj. 
Al l three powder mixtures were pressed and fired for 12 hours at 1280°C in air, as 
usual. 
6.5 - Indium doping (Vapour Phase Method) : 
This method was an attempt to dope directly from the element. The indium 
dopant source and the Zn2Sn04 samples were placed in a sealed two chamber, 
evacuated (5 x 10"* mbar) silica ampoule, which was then loaded into a two zone 
furnace such that the In and sample were at temperatures of 350°C, and 850°C 
respectively for 48 hours. The ampoule was removed from the furnace indium side 
first to allow the indium vapour to condense away from the sample. 
6.6 - Characteristics of Ta and V Doped Zn2Sn04 : 
The as-fired pellets, which were doped with TaClj, did not sinter well and crumbled 
easily, and were highly 10 
0 80K 
M 300K 
resistive. The samples 
which were doped with 
TajOj, were white in 
colour and resistive , but 
less crumbling than those 
doped with TaCly Figure 
(6.2) shows the variation 
of resistivity with doping 
(TajOj) levels for reduced 
samples. Since the . — 
Figure (6.2) : Resistivity versus the doping level for TajOj-doped 
differences between the reduced samples. 
resistivity values were not 
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large, with all the maximum values lying between 10 Q cm and 1 £^  cm, then it may 
be assumed that the resistivity was not related to the doping, but to small differences 
i n the r e d u c t i o n 
atmosphere process. 
It was found that 
samples doped with V2O5 
were very hard to break 
after sintering, and there 
was a colour change from 
pale to deep brown as the 
d o p i n g l e v e l was 
increased. However, all the 
as-fired samples were 
10" 
0 0.08 0.1 0.5 1 1.5 
Doping Amount (molar ratio%) 
Figure (6.3) : Resistivity versus the doping level for V205-doped 
resistive, although they reduced samples. 
became conductive after 
the usual reduction treatment in H2/N2 atmosphere. This can be seen from figure (6.3). 
Examination in the SEM revealed the existence of a liquid second phase, which was 
increased by increasing the doping level of V2O5. The increase in the resistivity at 
high doping levels, specially at 1.5% level, was thought to be caused by the effects 
of this liquid phase, which might have caused effective separation of zinc stannate 
grains. 
6.7 - Characteristics of NbjOj Doped ZUiSnO^ : 
6.7.1 - Structure : 
As fired surfaces were examined in the Scanning Electron Microscope (SEM) 
to investigate their microstructure and any surface features (segregated second phase 
and impurities) were analyzed using the Energy Dispersive X-ray (EDAX) attachment 
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and x-ray diffraction. Average grain size was calculated using an area count method 
of at least 200 grains and assuming them to be cubic. 
The as-fired surfaces of all Nb205 doped samples showed evidence of 
densification and grain 
growth during sintering. 
Samples containing the 
lowest amounts of 
dopant ( < 0.1 at % 
Nb205) were white in 
colour and appeared 
shiny, suggesting the 
presence of a glassy 
(reflective) surface 
phase. Those containing 
between 0.2 and 5 at % 
Figure (6.4) '. Scanning electron micrograph of the surface of a NbzO,-
doped sample (0.1% N b A ) -
Nb205 had surfaces covered widi dark grey spots. The doped pellets were very hard, 
become harder when 
either the sintering 
temperature or the 
sintering time were 
increased. The pellets 
which were sintered at 
the highest temperature, 
1 3 5 0 ° C s u f f e r e d 
shrinkage and displayed 
a concave surface. 
The average 
grain size of samples 
i'igure (6.5) : Scanning electron micrograph of the surface of a more 
heavily doped NbjOj-doped sample (5% Nb205). 
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was found to decrease by approximately an order of magnimde from 12 to 3 pm, as 
the donor concentration was increased from 0.01 - 5 at % NhjOj. Figure (6.4) shows 
a scanning electron micrograph of a sample containing 0.1% NbjO;, where the grains 
were about 10 ]im average size. Comparison between figure (6.4) and figure (6.5) 
shows that the grains become much more rounded in shape with a less homogeneous 
size distribution at higher doping levels. Additional features in the form of large 
irregular rounded shapes, as shown in figure (6.5), also appeared. 
EDAX analysis revealed that the Zn and Sn relative intensities were the same 
as for undoped sintered 
pellets, although a niobium 
peak, appeared at high dopant 
levels > 2 Nb205 at %, as can 
he seen from figure (6.6). X-
ray diffraction spectra also 
showed three additional 
peaks, two of which were 
close to the position of the 
main peaks of niobium 
stannate (Sn2Nb207). The 
third peak could not be 
identified (see table (6.1). 
This additional new phase 
Figure (6.6) : E D A X spectrum for a NbA-doped sample (2% 
suggested that there was a ^bjO,) . Dotted line; normal sintering : solid line; sintering 
, o x T i _ temperature > 1350°C. reaction between Sn02, NbjOj 
forming an un-expected new phase. 
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Table (6.1) : X-Ray Diffraction Data for additional peaks observed in Nb-doped Zn-^SnO^ 
( > 5% N b A ) -
No 20 i|::|:||ilii;h;.k!|| Assignment 
1 31.1 Unknown 
2 iiHIil 3.05 Zn2Sn04 & SnsNbjOy 
3 39.5 j i i i l l l l i i 
Radiation CoKa with I = 1.7902 A, Fe filter 
6.7.2 - D.C. Transport measurements 
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6.7.2a - Conductivity • Temperature characteristics : 
The as-fired pellets were all highly resistive and only the most heavily 
doped ~ 5% Nb205 
showed some change of 
colour (from white to 
grey). Consequently, 
electrical characteristics 
could only be measured on 
reduced samples. Figure 
(6.7) shows the variation 
of resistivity with doping 
level (for reduced samples) 
at temperatures of 80K 
Figure (6.7) : Resistivity versus the doping level for NhzOj-doped 
and 300K. This clearly reduced samples, 
shows that when the 
doping level was increased above ^ 0.5% there was a corresponding increase in the 
a 
"> 
1 4 to 
CO 
0) 
Q : 
0 0.08 0.1 0.5 1 1.5 2 5 
Dopant Amount (molar ratio%) 
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resistivity. Whether this indicates that at very high levels of doping there was a 
marked increase in 
10 2 0 . 
1 0 l 9 d 
E 
10 
10 
18 
17 
—1 ' 1— 
10 12 14 
— ( K ) 
segregation to the grain 
boundaries, is not known, 
but it may also be related 
to the changes in grain 
shape observed in the 
SEM. In addition the Hall 
data showed that the 
carrier concentration was 
relatively high (about 10'* 
cm"^), but with littie 
"igure (6.8) : Carrier concentration versus inverse temperature 
variation with temperature (0.5% NbjOs). 
(77K to 300K), this can be 
seen from figure (6.8). The carrier mobility revealed a linear variation when plotted 
on Cog(p) versus (l/T)'-^, 
as can be seen from figure 
(6.9). 
A typical series of 
plots of conductivity 
versus temperature, 
between 77K and 300K, 
are shown in figure (6.10), 
f o r doped samples 
annealed under the same 
conditions, but with 
Figure (6.9) : Carrier mobility versus (l/T)"" for (0.5% NbA)-
different levels of doping, doped reduced samples, 
from 0.01% NbzOj to 5% 
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NbaOj. 
It can be seen from 
figure (6.10) that the 
conductivity increased 
w i t h i n c r e a s i n g 
measurement temperature, 
which is typical of 
semiconductor behaviour. 
However, the data were 
found to lie on a concave 
curve (rather than a 
straight line) on a Cn 
Igure (6.10) J Conductivity-Temperature characteristics for 
versus 1/T plot, showing Nb^ Oj-doped reduced samples. 
that the conductivity was 
not of the simple activated form 
• — 28 (0.5%) 
32(0.01%) 
a oc exp ...(6.1) 
where Eg is the activation 
energy , and k is 
Boltzman constant (see 
figure (6.11)). The 
c u r v a t u r e f o u n d 
suggested that, instead, a 
fit to the formula: 
o -ooex i^ - |^ 
With Y < 1 was more 
10 
o 
d 1 i 
• Un-doped 
O 32(0.01%) 
• 33(0.1%) 
• 28(0.5%) 
-1 1 1 1 1 1 1 r 
0.002 0 .004 0 .006 0 .008 0.010 0.012 0.014 
1 / 
Figure (6.11) : Conductivity versus inverse temperature for NbjOj-
doped reduced samples of different doping levels. 
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appropriate. As in chapter V a series of curves were plotted using different values of 
Y from 0 to 1, so as to 
determine the best fi t to 
the data. This showed y 
= 1/4 gave the best 
s t r a igh t l i n e f i t , 
suggesting Variable 
Range Hopping was the 
principal conduction 
mechanism ( chapter V, 
equation (5.5)), as can be 
seen from figure (6.12), 
where the data are 
replotted as to oT''" 
a 
a (33X0.1%) 
• (39X0.1%) 
n 28(0.5%) 
• 29(2%) 
.1 
0 .22 0.24 0.26 0.28 
— I ' 1 
0.30 0.32 0.34 
Figure (6.12) : «og (OT"' ) VS (1/T)'" characteristics for NbjOj-
doped reduced samples of different doping levels. 
versus l/T^'^. This relationship is typical of "hopping" behaviour [6.8]. Values of ao 
Table (6.2) : Values of oo, and To for a few NhjOj-doped samples. 
AU samples were heated for 14 hours in H2/N2 atmosphere. 
No. Doping amount (NbjOj) ao No 
1 1.27 x 10^  9.8 X 10^  
2 3.64 X 10^  5.4 X 10^  
3 0.1 1.64 X 10^  2.1 X 10' 33 
0.10 X 10^  1.3 X 10' 
0.3 X 10' 2.4 X 10' 
and To obtained for different Nb doped samples are listed in table (6.2). Both 00 and 
To show a systematic reduction with increasing doping concentration from ao = 1.27 
X lO'* Q , To = 9.8 X 10' K for un-doped material to ao = 0.3 x 10' Q, To 2.4 x 10' 
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for 2% NbjOs doping. The reasons for this apparent dependence are not clear, but may 
be related to changes in the reduction /oxidation process induced by the segregation 
of Nb to the grain boundaries. Hall carrier concentrations showed littie variation with 
temperature, and a straight line dependence of log carrier mobility with (1/T)"'* 
(explained in detail in chapter V), also gave additional support for the hopping 
phenomena to be the dominant mechanism in this system. The hopping mechanism has 
been described fully already in chapter V. 
6.7.2b • Discussion : 
The effectiveness of Nb doping is difficult to assess, since it was still 
necessary to reduce the samples in order to make them conducting. Moreover, the fact 
that the transport mechanism in reduced, Nb-doped samples was the same as in 
undoped, reduced samples suggests that the Nb doping was not effective. However, 
the Nb doped, reduced samples were about an order of magnitude more conducting 
(for 0.5% doping) than the corresponding undoped samples, suggesting that the Nb 
had played some role in increasing conductivity. It seems unlikely that Nb has doped 
in the conventional substitutional way, since that would have resulted in a change in 
conductivity in the as-fired condition. It is possible that die Nb has doped 
amphoterically, resulting in highly compensated material, which would provide an 
explanation for the observed colour change. It is also possible diat the Nb increased 
the efficiency of the reduction process in some way , and hence the factor of ten 
increase in the doped, reduced-state conductivity. 
Finally, Nb205 has a high melting point (1485*5°C) and would thus be 
difficult to incorporate into the Zn2Sn04 lattice at the normal usual temperature 
(1280°C). Some trials at higher temperatures were attempted, which produced a more 
homogenous colour change, but also resulted in the onset of decomposition of the 
Zn2Sn04 (see chapter IV). 
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6.7.3 - A.C. impedance measurements : 
Doped Zinc Stannate (Zn^SnO^) 
6.7.3a • Experimental results of a.c. impedance plots : 
A .C . impedance plots were taken within the audio and radio frequency 
ranges (10 KHZ <,v<4 MHZ) at room temperature. The real (Rj) and imaginary (X^) 
parts of the impedance were calculated and plotted in the form of a complex 
impedance diagram (R^ verses X^), as described in chapter HI. As for the undoped 
samples, it was found that reduced samples were too conducting to make this kind of 
study and so the reduced samples were re - oxidised by heating in air at 600°C for 12 
hours. A.c. impedance plots enable the separation of the different contributions (e.g. 
grain boundary [6.9], and bulk resistance) to the resistance from the position of the 
low and high frequency intercepts etc., as described earlier in chapter V. 
Figure (6.13A) shows a typical complex impedance diagram for a re-oxidised 
Rs{kLl} 
0 1 00 2 0 0 3 0 0 4 0 0 5 0 0 600 700 8 0 0 
800 
700 -
600 -
J — , 1—, 1 — , 1 — , L. J f . I 
30KHz 
38iCHz 
a 500 H 
400 -t 
300 -
Figure (6.13A) : Room temperature a.c. impedance plot for 5% NbjOj-doped sample. 
doped sample (5% NbjOj). It was found that the high frequency intercept of the curve 
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10 
a 
X 
10' 
38 KHz 30 KHz 
10000 
- T 1 I 1 I I 1—r 
100000 
Frequency (Hz)_ 
on the R, axis for this 
sample was effectively 
zero, as observed for the 
undoped material in 
chapter V, while the low 
frequency intercept was ^ 
11.3 X 10^  CI. The points 
displayed some scatter, but 
were best fitted by 
a s s u m i n g t w o 
interpenetrating semi-
Figure (6.13B) : Reactance (Xs) versus frequency from impedance 
circles as indicated in studies for 5% NbjOs-doped sample, 
figure (6.13 A ) . The 
variation of the reactance, 
Xj,, with ft-equency showed 
that the maxima in the 
reactance occured at 38 
KHz and 30 Khz, witii 
corresponding values of X^ 
of 3.95 X 10'* and 4.8 x 
10" Q. 
Figure (6.14) shows 
the corresponding complex 
impedance plot for a less 
heavily doped sample (1% 
Nb205). The magnitude of 
the real and imaginary 
200 -
180 -
160 -
140 -
120 -
a 
100 -
(/) X 80 -
60 -
40 -
20 -
Rs(kfi) 
0 20 40 60 80 100 120 140 160 180 200 
igure (6.14) : A . C . impedance plot for 1% NbjOj-doped sample, 
impedances were lower than for the more highly doped material, as expected from the 
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d.c. conductivity measurements (figure (6.7)). 
The data still appear to lie on two interpenetrating semi-circles but the degree 
of overlapping was greater preventing a more detailed analysis to be made. However, 
it is clear that the bulk resistance (Ro) was essentially zero as was the case for 
undoped and 5% NbjOj material. 
6.7.3b - Discussion : 
The interpretation of complex impedance diagrams was described in 
ful l , in chapter V. It was shown that the various physical processes governing charge 
transport may be represented by appropriate RC circuit elements, each of which gives 
rise to a semi circle in the impedance plot. The corresponding R and C values etc. for 
the data in figure (6.13A) are listed in table (6.3). Comparison with the corresponding 
values for undoped material (chapter V, table (5.2)) shows : 
(i) The values of R, and Rj were greater, for the doped material; 
(ii) The value of / i was reduced from 160 KHz in the undoped sample to 38 KHz in 
the doped sample, see figure (6.13B); 
(iii) The value o f / j remained essentially unchanged with doping. That the resistance 
values for the doped material were higher is consistent with the results from the d.c. 
measurements, figiu-e (6.7), which showed that the resistivity increased with doping 
level above about 0.5% Nb205. It would have been of interest to have compared a.c. 
impedance data for less heavily doped material, but as discussed above, it was not 
possible to analyze this data. 
The reduction in the frequency / i with doping indicates that the underlying 
physical mechanism was sensitive to the doping level, whereas that associated with 
fi was apparently not affected. It is possible that is associated with the hopping 
process, since this was also apparently not dependant on doping. On the other hand 
the physical process associated with / , did appear to be dependent on doping. One 
possibility was that it was associated with grain boundary effects which would be 
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expected to change with doping. 
Table (6.3) :A.c. impedance results for sample doped with 5% NbjOj. 
Doped Zinc Stannate (ZozSnOJ 
This data for sample was doped with 5% NbjOj 
Parameters Values Parameters Values 
/ i 9.6 X 10' Q. 
ft 3.95 X 10^  Q. 
4.8 X 10' Q. 
i i l l iB l i i l l i f f 1,89 X lO' Hz 3.99 X 10 ' F m-2 
/ V zero 4.14 X lO ** F m"^  
R. 7.9 X 10^  n 7.268 X 10-" Fm-' 
6.8 - Characteristics of In-doped Zn2Sn04 : 
6.8.1 - Structure: 
Some changes were observed to take place after doping with In from the 
vapour phase, which were outlined in section (6.5). The sample colour changed from 
white to dark grey, but SEM study failed to reveal any changes in the usual grain size 
average, which were — 1-15 jim in size. 
The ED AX results, figure (6.15), did not show any presence of the In, and the 
intensities of the Zn and Sn peaks remained the same as un doped Zn2Sn04. This 
result may be due to the amount of indium in the zinc stannate compound, which was 
thought to be less than the level of detection of the ED AX instrument (1%). 
Furthermore the X-ray diffraction pattern did not indicate any additional phase, 
indicating that new compounds had not been formed. Peaks relating to In metal were 
also not found. Again it could be related to the small amount of indium in the 
Zn2Sn04. 
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6.8.2 - D.C. Transport Measurements : 
It was found that 
the conductivity was 
increased with increasing 
temperature, showing 
semiconducting behaviour, 
but the mechanism was 
not simply activated. 
Figure (6.16) shows a plot 
of Sn ( j T ' ^ versus l/T^'\ 
showing the typical 
behaviour for hopping 
mechanism [6.8]. This 
result in consistent with Figure (6.15) : EDAX spectrum for the general surface area of an 
In-doped sample. 
the corresponding study of 
Nb205 doped (6.7.2a) and un doped samples. 
10 
B 
o 
d 
b 
1 — ' — I — ' — I — ' — 1 — > — I — 
0.22 0.24 0.26 0,28 0.30 0.32 0.34 
Figure (6.16) : Conductivity -Temperature characteristics for an In-doped 
sample. 
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6.8.3 • Au/Zn2Sn04:In/In.Ga Diode Characteristics : 
6.8.3a - Au/Zn2Sn04:In/In.Ga. diode preparation: 
Rectangular (13 x 5 x 1.5 mm^) samples of Zn2Sn04 were cut, lapped, 
cleaned, and chemically etched in IHF : I H N O 3 : 4 C H 3 C O O H . They were then rinsed 
in methanol and blow dried in a steam of nitrogen. The samples were then doped with 
In from the vapour phase as outlined in section (6.5). In principle high work function 
metals, such as Au should make barrier contacts to n-type semiconductors, and gold 
was therefore used for the rectifying contact. The Au was deposited by vacuum 
evaporation at a pressure of 0.6 x lO'"* mbar. Ohmic back contacts were fabricated 
with an alloy of 2 : 1 indium : gallium. 
6.8.3b - Au/Zn2Sn04:In/In.Ga. diode characteristics : 
Au/Zn2Sn04 junctions were characterised using current - voltage and 
capacitance - voltage measurements. Both analysis techniques were carried out at 
temperatures in the range 77 - BOOK in about lOK steps. It was hoped in this way, to 
obtain some data on doped material for the first time and to provide some indication 
of the efficiency of the doping process. 
6.8.3c - Au/Zn2Sn04:In/In.Ga. Diode Performance : 
Figure (6.17) shows the I-V characteristics of a typical AnfZn2SnO^ 
diode at 77K and at room temperature. The characteristics were rectifying at both 
temperatures, although significant leakage was observed at reverse bias voltages 
greater than about -0.5 V figure (6.18). The forward bias characteristics show 
relatively little dependence on temperature ( Figure 6.19) over the range 77K - 300K. 
The corresponding saturation current (lo) and ideality factors are listed in table (6.4). 
The ideality factor n was calculated from the slope of the fn(If) versus 1/T 
10 
< 
E 
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characteristics for V > 
0.12 volts. It is clear 
from figure (6.20) and 
table (6.4) that n 
changed wi th the 
temperature, decreasing 
w i t h i n c r e a s i n g 
t e m p e r a t u r e , w i t h 
values of 4 < n < 15 at 
a temperature range of 
77K < T < 300K ^'8Ure (6.17) : I-V characteristics for a typical In-doped M.S. diodes. 
Diode ideality factors have not hitherto been reported for (Au/Zn2Sn04-diodes), but 
these values indicate 
50 
40 
30 
20 
10 
0 • 
-10-
i 
• 0 — 77.8K 
1 
• — 300K 
1 1 
— .'.w... 
Voltage (V) 
< 
B 
0.0 H 
-1.0 H 
-2.0 -\ 
-3.0 
, B - - • 
6 e • 
0 • 
that transport across the 
junction was clearly not 
limited by emission 
over the metal 
semiconductor barrier. 
A s t r a i g h t l i n e 
relationship was not 
obtained when to lo 
was plotted against 
reciprocal temperature 
Figure (6.18) : IjCreverse current)-V characteristics for a typical In-
(lA"), confirming the doped M.S. diode as a function of temperature, 
absence of thermal 
activation within the junction. 
- 1 — • — I — ' — r 
• 77.8K 
100K 
• 150K 
• 200K 
• 250K 
• 293K 
•1 .2 - 1 . 0 - 0 . 8 - 0 . 6 - 0 . 4 - 0 . 2 - 0 . 0 0.2 
V r ( V ) 
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The slopes of 
the Ln I versus V 
c h a r a c t e r i s t i c s , 
however, were similar 
(see table (6.4)) and 
this would be consistent 
with a tunnelling 
mechanism described 
by an equation of the 
form [6.10,6.11]: 
Doped Zinc Stannate (ZnjSnO,) 
100 
1 0 ^ 
1 ^ < 
.01 i 
.001 
293.7 K 
0.0 0.2 
' ' I ' ' ' ' 1 ' ' 
0.4 0.6 
vf l y ) 
0.8 1.0 1.2 
igure (6.19) : Forward bias If-V characteristics for a typical In-doped 
M.S. diode as a function of temperatiu^ e. 
I^-IJT)expiBT)exp(4V) ( 6 . 3 ) 
In this case the 
intercept values C = lo 
should show an 
exponential dependence 
on the temperature, and 
a graph of Cn(Io) 
versus T is shown in 
figure (6.21) and does 
show a reasonable 
straight line, although 
there is some scatter in 
igure (6.20) rldeality factor (n) versus (1/T) for In-doped M.S diodes 
the points. The slope (V>0.12V). 
(B) of the line is 0.01 
K ' which is comparable with values commonly observed in heterojunctions where 
0.002 0 004 0.006 0.008 0.010 0.012 0.014 
- ( k ) 
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transport is limited by some tunnelling - recombination mechanism [6.12]. 
Table (6.4) : Saturation cunents and ideality factors for Au/Zn2Sn04:In/In.Ga diodes. 
No. T ( K ) n Slope (In I vs. V) lo jiA 
liiiii 77 15.41 9.8 2.5 
2 100 12.14 9.6 3.0 
i^Silijl; 150 iiliiil 9.2 4.3 
4 200 i i l l l l I l l j j i l5 | i 
5 250 4.95 7.5 
6 293 4.41 9.0 18.3 
In practice, the probability for single step tunnelling is usually vanishing small 
in such a junction and it is usually necessary to develop a multistep tunnelling 
/ r e c o m b i n a t i o n 
mechanism to describe 
the behaviour. This is, 
in reality a defect 
controlled junction 
where current transport 
occurs through interface 
/ defect states, rather 
t han by s i m p l e 
emission/ tunnelling 
processes. I t is 
not,therefore surprising 
< 
B .01 d 
.001 
slope 8.6864e-3 
B=0.01 
' 1 ' 1 ' 1 — ' 1 ' 1 ' 1 — 
60 100 140 180 220 260 300 
T (k) 
Figure (6.21) : A plot of lo with temperature for In-doped M.S diodes. 
that this appear to be the case here, where bulk conductivity appeared to be dominated 
by hopping. 
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6.8.3d - C-V Characteristics : 
Although transport across the junction was defect-controlled the C'^ (F^ 
cm'^ ) versus V characteristics, displayed surprisingly good straight lines. Figure (6.22) 
shows a typical set of C"^  versus V characteristics for different temperatures. The net 
donor densities were calculated from the slopes of the C ^  versus V curves in 
accordance with, the equation [6.13] : 
1 ( 6 . 4 ) 
2,6e+13 -
2 4e+13 -
2.2e+13 -
2 0e+13 -
'e 
1.8e+13 -
L 
l.6e+13 -
• 
1.4e+13 -
1.2e+13 -
l.Oe+13 - • 
0 272K 
• 
225 K 
-0.3 0.0 
The values are listed 
in Table (6.5) and 
plotted in figure 
(6.23) as a function of 
temperature and show 
that increased with 
i n c r e a s i n g 
temperature, changing 
from 8 X 10'^ cm"^  to 
4.5 X 10'" cm"^  as the 
temperature was 
Figure (6.22) ; The C^ versus V curves for a Au/In-ZnjSnO</In,Ga 
raised from 77K to diode at different temperatures. 
300K. The values of 
Nd are relatively low and suggest that the material was compensated. It should be 
remembered that these devices were sintered ceramics and not homogenous crystals 
and there will therefore be a higher degree of uncertainty in the measured values. 
From figure (6.23) the apparent activation energy was 17 meV which is small and 
would suggest total ionisation at room temperature. 
As the voltage tended to zero (figure (6.22)) the straight lines observed in C"^  versus 
-0 .2 -0 1 
Voltage (V) 
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V plot became curved, possibly indicating interdiffusion at the junction or more 
Table (6.5) : C-V data for In doped Zn2SnO^ diodes. 
No. C,^Fm-2 W cm i i l l l l 
1 80 4.28 X 10-' 7.99 X 10" 4.47 X 10-* 0.45 
2 100 3.45 X I0-' 1.19 X 10'" 5.54 X 10^ 0.46 
3 120 3.23 X 10-' 1.63 X 10'" 5.93 X 10"* 0.38 
4 i l l j i l l l l l l l l l l l ^ 2.87 X 10'" 7.03 X 10^ 0.31 
l i i i f 195 i i i i i i i i i i i i : 2.92 X 10'" 7.31 X 10"^  0.27 
fiiiiiii 225 2.77 X 10-' 3.53 X 10'" 6.90 X 10-* 0.23 
7 245 2.72 X 10"' 4.92 X 10'" 7.03 X 10-* 0.17 
8 272 2.89 X 10-' 3.59 X 10'" 6.63 X 10-^  0.21 
probably a high density of surface states at the interface between the Au and the 
Zn2Sn04. Extrapolation of the straight line section of the C ^  versus V plot gave a 
value of the voltage intercept of (0.23 volt < Vj < 0.445 volt) as listed in table (6.5). 
This is often taken as a measure of built-in voltage at the diode junction, although this 
value is sensitive to interface states [6.14]. The values in table (6.5) show that the 
extrapolated intercept values decreased with increasing temperature suggesting that 
interface states were active. The rate of change of the extrapolated intercept with 
temperature is not constant throughout the whole temperature range. 
The depletion region width was inferred from the conventional formula [6.13] : 
[A /(v=w) 
( 6 . 5 ) 
The values of zero bias capacitance are listed in table (6.5) and varied significantly 
with temperature to give a corresponding range of depletion widths of 4.5 x 10"^  cm 
< W < 7.3 X 10"^  cm which are very small, as would be expected. 
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10 1 6 
10 
slope: 192.14 
Ea = 0.01 7eV 
13 . 
I ' I ' 1 I I ' r 
0.002 0.004 0.006 0.008 0.010 0 012 0.'oi4 
Figure (6.23) : Log (from C-V study) versus 1/T for In-doped 
Zn2Sn04 diodes. 
6.8.4 - Discussion : 
Since the In doped Zn2Sn04 did not show any change in the structure, this may 
due to the low doping temperature, which was 350°C (see section (6.5)), considerably 
lower than the sintering temperature, which was 1280°C. 
This type of doping was successful in terms of reducing the resistivity, since 
the resistivity changed from — 10* MQ cm to — 3Q cm. This kind of reduction in the 
resistivity thought to be achieved by two ways, (i) by the indium, (ii) the effect of 
heating the sample in vacuum. The Indium was the most effective component in the 
process, because when comparison was made with samples heated in the same 
conditions without indium but in vacuum only, the samples still gave a relatively high 
resistivity (about 600 Q cm)-
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6.9 - Summary : 
The investigation of the effects of dopant type and dopant concentration, 
described in this chapter, have shown some changes in the resistivity and the colour. 
The most important data are summarised in table (6.6). 
Additional peaks in the X-ray diffraction spectrum were not observed for In-
doped and for low concentrations of NbjOj, Ta205, V2O5, etc, implying monophase 
material. Some new peaks appeared in the XRD spectrum for samples that had been 
heavily doped with NbjOj and V2O5. The additional phase which observed in the 
Zn2Sn04 heavily doped with Nb205, was found to be close to Sn2Nb207. However, it 
was not possible to identify the additional phases in the samples heavily doped with 
V2O5. 
SEM examination showed almost the same results as for the undoped samples, 
and the average grain size was still the same (1-15 pm) for all types of doping, except 
for the V2O5 doped samples. Liquid phase sintering was observed to be the dominant 
sintering processes for VjOj-doped Zn2Sn04 samples. Since In-doped samples were 
not exposed to high temperamres, then SEM failed to indicate any change in the grain 
size. 
ED AX studies confirmed the presence of Nb in heavily Nb205-doped samples, 
when the doping level began to exceed 1%, and the Nb peak in the ED AX spectrum 
became more intense as the Nb concentration was raised to 10% NbjOj. A similar 
pattern was found with VjOj-doped samples as well. But since the amount of In was 
small, it was difficult to confirm its presence by EDAX, since the concentration was 
below detection limits. 
NhjOj-doping caused a colour change, going from white to a dark grey as the 
doping amount was increased, but the doping did not reduce the resistivity and the 
samples still displayed a high resistivity. Measurable electrical conductivity could not 
be obtained unless a reduction treatment was carried out. In this case, carrier 
mechanism was found to be variable range hopping, as described in chapter V for the 
117 
CHAPTER VI Doped Zinc Stannate (Zn^SnOJ 
undoped material. This was further supported by some Hall coefficient measurements, 
which indicated a high carrier concentration (.— 10'^  cm"^ ) that was insensitive to the 
measurement temp)erature. 
TaClj was found to be of little use, since TaClj-doped samples failed to sinter 
after the usual firing procedures. This was not found to be the case with Ta205, 
although no significant change of colour or conductivity was observed in the TajOj-
doped sample. 
The In-doped samples showed a dramatic change in colour and resistivity, with 
the colour being changed from white to grey, and the resulting ceramic becoming 
conductive without further treatment (see table (6.5)). 
In conclusion, it would appeared that only in was successful in reducing the 
resistivity of Zn2Sn04. Moreover, In doping was found to be stable even when heated 
to relatively high temperatures (— 600°C) in an oxidising ambient (air). The change 
of colour observed with Nb-doping did indicate some reaction had occurred, but this 
did not produce the required reduction in resistivity. 
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Table (6.6) : Summary of doping characteristics. 
Doped Zinc Stannate (Zn^SnO,) 
(i) - Mixed Powders Of Dopant and Zn2Sn04. 
(it) - Vapour Phase Method. 
(Hi) - Additional phase, (possibly SnJ^b20-j). 
(iv) - Additional m-known phase. 
Doping 
Type Method 
Electrical Conductivity (t2 cm)' Structure : 
Doping Mol Ratio f c.c 
Inverse 
Spinel 
Type 
0%(Un-doped) 
i i i i i i 300*K 80°K 300°K 80°K SOO^ K 
N b A 
0.2 l l l i i i i l 
0.1 ^ 0") 
Ta^O, ti 0.36 0.56 Mono-
Phase 
V2O5 0.02 0.1 " + (IV) 
In 
Mono-
-Phase 
0.6 0.9 
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ZINC STANNATE THIN F I L M PREPARATION AND 
CHARACTERISATION 
7.1 - Introduction : 
Electroceramic thin films are currendy used in a wide range of electronic and 
optical devices. Ceramic films are also used in electronic devices as mechanical 
supports, diffusion barriers, intermediate layers in epitaxial growth (buffer layers) and 
dielectric layers [7.1]. As in electronic applications, ceramic films in optical 
applications can also be either active or passive. Active ceramic films are being 
developed for non-linear optical devices, such as thin film lasers (e.g. Ti-doped 
sapphire) or electro-optic switches (e.g. lithium niobate) [7.1]. For diese applications 
epitaxial, or highly oriented films are required. Indium-doped tin oxide is used widely 
as a fransparent electrode and thin film electro-chromic ceramics are being developed 
for 'smart' windows. Passive films are used in reflective and antireflective coatings. 
Typical materials here are silica and titania in multilayer stacks of precise thickness 
and uniformity [7.1]. 
The increasing need for transparent conductive films in many applications has 
led to the development of materials with high performance, such as CdO-SnOj 
[7.2,7.3] and Al-doped ZnO films [7.4,7.5]. Enoki et al. [7.6] was the first to report 
(in 1992) the formation of Sn02-ZnO thin films using rf sputtering from sintered oxide 
targets. They measured the electrical resistivity, and the transmission spectrum of such 
films in the 200 nm to 1100 nm wavelength region. No systematic study of Zn2Sn04 
formed by electron beam evaporation has been found in the literature. 
The initial plan for the research described in this chapter was simply to study 
the possibility of forming Zn2Sn04 thin films by electron beam evaporation. In the 
present chapter we will describe the formation of Zn2Sn04 thin films on cleaned glass 
and quartz substrates, and briefly outline the principles and technological feasibility 
of electron beam evaporation of sintered powders of zinc stannate. We report the 
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confirmation of Zn2Sn04 formation as a thin film using X-ray diffraction. EDAX was 
used to determine the composition. The thickness of each film was measured and a 
systematic investigation of the electrical and optical properties of as-deposited 
Zn2Sn04 thin films formed using substrate temperatures ranging from room 
temperature to 250°C. 
7.2 - Experimental Procedure : 
7.2.1 - Substrate Cleaning : 
In most cases the substrates used were microscope slides, which are known to 
contain alkali ions (e.g. sodium) as revealed by ESCA. Diffusion of these ions into the 
film could be defrimental to film conductivity and could be a potential problem in 
applications requuing high conductivity. The diffusion between film and substrate is 
more likely at high temperamre and hence deposition temperatures were restricted to 
below 250°C. The glass slides were cleaned rigorously in the following way : 
(a) - Agitation in HNO3 for 30 minutes. This leaches alkali ions from the 
substrate surface reducing the chances of alkali ion contamination in the deposited 
layers. 
(b) - Reflux in trichloroethane. This acts to remove dirt and grease from the 
substrate surface. 
(c) - Agitation in propan-2-ol for 30 minutes. This acts to remove all materials 
used in the previous cleaning processes and leaves the substrate surface stain free and 
uniformly clear and smooth. 
Between each cleaning treatment the substrate was washed in an ultrasonic bath 
of deionised water to avoid reaction between chemicals. Before fixing the substrate 
into the substrate holder, a nifrogen jet was used to remove any particles from the 
substrate surface. 
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7.2.2 - Electron Beam Evaporation : 
Electron beam evaporation is one of the most commonly used evaporation 
techniques. An electron beam of sufficient intensity is emitted from a filament 
(cathode), accelerated and focused onto the target source ( Zn2Sn04), which is used 
to heated at the site of incidence to the temperature required for evaporation. The 
method enables very high temperatures to be attained and evaporate materials which 
would otherwise be difficult to evaporate, especially ceramics which have high 
evaporation/ sublimation temperatures. More detail about the evaporator is given in 
chapter i n . 
The Zn2Sn04 samples to be used as evaporation sources were prepared by the 
sintering method described in chapter IV. The pellets were crushed using a mortar and 
pestle and placed in a small graphite crucible. Evaporation was carried out in an oil 
diffusion pumped system providing a vacuum of ^ 10"* mbar (base pressure). 
The high temperatures are produced only at the point of electron beam focus. 
Ideally, this should be as near to the source surface as possible, hence it was necessary 
to modify the elecfron gun assembly so that it could move with respect to the Zn2Sn04 
source, to allow the elecfron beam focus to be continuously adjusted during growth. 
7.2.3 - Film Thickness Measurements: 
The thickness of the fUms was measured using a Tencor Alphastep 200 Stylus 
profilometer. This required the formation of a step in the film across which the stylus 
of the profilometer could be drawn. 
7.2.4 - Confirmation of Film Formation : 
The crystal sfructiu^e of the films was assessed by Reflection High Energy 
Electron Diffraction (RHEED) and X-Ray Diffraction (XRD). A comprehensive review 
of these techniques is available in [7.7,7.8]. 
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XRD Studies were carried out using a Philips diffractometer with a CoKa 
source and radiation with wavelength X = 1.7902 A. This technique was used to 
identify the material deposited, and to assess the degree of preferred order. The 
radiation penetrates films of up to a few microns thick, and the information obtained 
is an average of the entire film material. Only those planes parallel to the substrate 
contribute to diffraction intensities in an X-ray diffractometer (as opposed to a 
diffraction camera. This XRD is sensitive to any preferred orientation there may be 
in the layer. X-ray diffraction was also used to estimate the grain size from line 
broadening. Here the line width of a peak from a GaAs reference crystal is taken as 
being representative of the instrumentation broadening, on the assumption that GaAs 
is a near perfect crystal (infinitely thin line - in practice GaAs line widths are of a 
finite but very narrow width). It was assumed that line broadening due to lattice strain 
was absent. The relevant formulae are as follows : 
P = V f i ^ ( 7 . 1 ) 
and 
^ = T ^ ( 7 . 2 ) 
where |3 is the broadening factor, B is the full width half maximum (in radians) of the 
main peak in the spectra of Zn2Sn04 films, b is the instrmental broadening assumed 
to be the full width half maximum of the peak in the single crystal GaAs (i.e. 
reference). X is the wavelength of the x-ray radiation, 0 is the angle between the beam 
and the sample and \|/ is the grain size. 
7.2.5 - Electrical characterisation : 
The resistivity of Zn2Sn04 films was generally measured using the Van der 
Pauw technique and for the more conducting samples the Hall coefficient, carrier 
concentration and mobility were also measured, (conductivity & Hall measurements 
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have been described in chapter III). 
The resistivity and Hall measurements were made using an automated system, 
comprising an Archimedes computer, a constant current source, an overall controller, 
a magnet, a power supply and a cryostat. The sample was placed in the cryostat which 
could be evacuated down to ^ 10"* mbar and cooled to liquid nitrogen temperature. 
7.2.6 - Optical Transmission Measurements : 
Measurements of optical transmission were made using a Perkin - Elmer 
Lambda 19 VWfVlS/NTR spectrophotometer. This is a computer driven system capable 
of measuring transmission in the wavelength range 250 nm to 3.00 ]xm. The 
spectrophotometer is a double beam double monochromator type with a tungsten 
source for producing visible, near infrared, and a deuterium lamp for the ultra-violet 
radiation. 
7 J - Experimental Results : 
7.3.1 - Film Deposition : 
The film was deposited onto the glass slides using fine powders crushed from 
sintered pellets. Substrate heating was commenced after reaching desired vacuum, and 
the substrate was maintained at growth temperature for one hour before beginning the 
evaporation process. The e-beam source filament was also heated for at least half an 
hour before deposition. 
After switching on the e-beam source, the shutter was left closed for 15 
seconds to allow some outgassing of the source. When evaporation was complete, the 
shutter was closed and the e-beam source switched off. The substrate heater ( when 
used) was then switched off and the substrate allowed to cool naturally to room 
temperature in vacuum. 
Zn2Sn04 films were grown under a range of conditions, namely with and 
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without substrate heating, and using glass slides or quartz as substrate. Since as-
deposited films tended to be fairly conductive, there was no need for annealing 
treatments as was the case for bulk materials. In fact, as the films had been deposited 
in vacuum, they were effectively already in the reduced state. The films which were 
produced at room temperature were silvery grey in colour and fairly opaque. Where 
a higher substrate temperature was used the films colour changed to a dark orange 
colour, and became more transparent. 
Table (7.1) : Electron Beam Evaporating Conditions. 
Filament Molybdenum 
Vacuum ~ 10-^ mbar 
Substrate Heating Method Radiative 
Target-To-Substrate Spacing 350mm 
Substrate Soda glass slides or Quartz 
Substrate Temperature RT (about SOX) to 250°C 
Focusing Voltage — 3kv 
Target Container Graphite 
Vacuum System Oil Diffusion Pump 
7.3.2 - Formation of ZnjSnO^ Thin Film Results and Discussion : 
7.3.2a - X-Ray Diffraction : 
Confirmation of the formation of the Zn2Sn04 compound as a thin film 
was obtained from X-ray diffraction spectra of as-evaporated films prepared by 
evaporating sintered powder of zinc stannate onto glass. Figure (7.1) shows the XRD 
spectrum for a film grown at room temperature. Four main peaks appear as can be 
seen from the XRD spectrum, see table (7.2), which illustrate a comparison with the 
x-ray diffraction pattern of sintered bulk material (see chapter IV), these peaks may 
be associated with Zn2Sn04. This spectrum was for films which were deposited onto 
glass substrates with temperature of T — 30°C only (i.e. room temperature). XRD 
spectra could not be obtained from layers grown at higher temperature either because 
they were too thin or were not crystalline. Grain sizes were calculated from the x-ray 
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diffraction peak widths using the method outlined in section (7.2.4), and were in the 
range 20nm < \|/ < 25 nm. 
Figure (7.1) : x-ray diffractogram showing principal peaks of zinc stannate from a film grown 
at a substrate temperature of ~ 30°C. 
Table (7.2): Summary of XRD Data for ZnjSnO^ thin film and bulk samples. 
iillllillll h k l 26 
d A 
Thin film bulk 
illliiiiiliiliii 40.1 2.61 
2 liilijiiiiiH^ i l l l i l i l i ; 2.49 
60.80 1.76 
4 i i i i i i i i i i i i i 64.90 1.69 1.65 
5 4 4 0 71.45 1.53 1.51 
Lattice constant a = 8.65 ± 0.006 A 
Rad. CoKa with X = 1.7902 A , Fe filter 
Note : })- BulklZnO : JSnOJired at 1280°C for 12 hours. 
2) - Thin film was grown onto glass substrate temperature o f ^ 25°C. 
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7 J.2b - Surface Structure by (RHEED) : 
The smfaces of most of the films were examined in RHEED. 
Diffraction patterns 
could not be obtained 
from very thin film 
(thickness < 50 nm) 
suggesting that they 
w e r e p r o b a b l y 
a m o r p h o u s o r 
microcrystailine. This 
result was consistent 
with x-ray diffraction 
results. All the films Figure (7.2) : R H E E D pattern from a film grown at room temperature, 
showed complete 
semicircles, similar to those in figure (7.2) and figure (7.3), which show patterns taken 
from films grown onto 
glass substrates at room 
temperature and 200°C 
respectively. These 
patterns indicate that 
the f i l m s were 
polycrystalline, but with 
no strong preferred 
order. The increased 
'spottiness' of the 
semicircles in the Figure (7.3) : RHEED pattern from a film grown at 2000C. 
RHEED pattern from 
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figure (7.3) (from a layer grown at 200°C) does suggest that grain size was larger in 
the films grown at higher temperature. The change in the relative brighmess of the 
semicircles in figure (7.3) when compared with figure (7.2) may indicate the 
begiiming of some preferred orientation. It is possible, that had the layer been grown 
at a higher temperature, it may have shown a more pronounced orientation. 
7.3.2c - Microstructure characterisation (SEM, EDAX) : 
Films were examined using a Cambridge Instruments S600 scanning 
electron microscope (SEM), in secondary electron emission mode. Figure (7.4) shows 
that the films were very flat and uniform. No evidence of cracks, grains, or second 
Figure (7.4) : Scanning Electron Micrograph of surface of a film 
grown at 200°C. 
phases was found. In particular, there was no evidence for the formation of pinholes 
suggesting that film growth was continuous and that the layers were coherent. 
Elemental analysis of the layers by EDAX, figure (7.5) showed peaks due to Zn, Sn, 
and Si only. The Si peak, which was larger than expected, was probably due to the 
glass substrate. The Sn and Zn peaks were exactly the same as those found for bulk 
samples, and this result together with X-ray diffraction and RHEED results, further 
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confirms that the thin films were Zn2Sn04. 
ZnjSnO, Thin Films 
Figure (7.5) : E D A X spectrum of surface of a thin film of Zn^SnO,. 
7.3.3 - Conductivity - Temperature Results and Discussion : 
All of the films, involved in this study, were deposited onto glass substrates. 
The measurements were carried out using the Van Der Pauw configuration [7.9]. 
It was found that the conductivity - temperature characteristics of the films 
were broadly simUar, independently of the substrate temperature during growth. Figure 
(7.6), shows the plot of conductivity versus reciprocal temperature between 77K and 
300K for a thin film of Zn2Sn04 deposited onto a glass substrate, at a substrate 
temperature of 200°C. Figure (7.7) shows a similar plot obtained from a film 
deposited with a substrate temperature of ~ room temperature, although the 
conductivity was a factor of 10 larger in this film. 
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In all cases the 
conductivity did not show 
a simple Arrhenius 
dependence, i.e. 
the conductivity did not 
obey the equation : 
o = ooexp(--^ )....(7.3) 
KT 
w h e r e a is the 
conductivity and Ea is an 
activation energy. Instead Figure (7.6) : Conductivity versus inverse temperature for a sample 
the relationship is better g^°*" 200°C. 
described by the [1/T]'''* dependence, seen for the bulk samples (chapter V) and 
characteristic of hopping 
as can be seen from figure 
(7.8) . This conductivity -
temperature dependence 
w a s e s s e n t i a l l y 
independant of thickness, 
and substrate temperature, 
see figures (7.8), figure 
(7.9) . A l l fihns were found 
to obey the equation 
[7.10]( for variable range ^ . 
^igure (7.7) : Conductivity versus inverse temperature for a sample 
hopping, see section 5.3.3 grown at room temperature. 
): 
0 .002 0 .004 0 .006 0 .008 0 .010 0 .012 0 .014 
0 .002 0 ,004 0 .006 0 . 0 0 8 0 .010 0 .012 0 .014 
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Figure (7.8) : Conductivity versus ((1/T) & (1/T)"') for a film grown 
at 200°C. 
0.014 
0.012 
0.010 H 
0.008 
0.006 
0.004-1 
0.002 
1 0 
- 1 — I I I • I • ! 
1 00 
- I 1 — r -
0:34 
0.32 
0.30 
0.28 
0.26 
- I t 
0.24 
1000 
0{Q. cm)" 
Figure (7.9) : Conductivity versus ((1/T) & (1/T)"'} for a film grown 
at room temperature. 
Figure (7.10) shows the 
relation fog aT"" 
versus (1/T)'''*, which is 
expected to give a 
straight line, from the 
equation (7.4), (see 
chapter V). Some 
values can be 
deduced from the 
straight line relationship 
between fn cyT'^ '' versus 
{\rif'\ Values of To 
(from the slope) and ao 
(from the intercept) are 
given in Table (7.3). 
This table shows 
that the To values 
i n c r e a s e d w i t h 
increasing substrate 
temperature. Suggests 
that To may be related 
to grain size, since this 
was shown by the 
RHEED studies to 
increase with increasing 
substrate temperature. 
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Similarly the decrease in ao values may be associated with grain size. 
Although Hall measurements were attempted, the Hall voltages were very small 
making the measurements difficult, but indicating that the carrier concentrations were 
very high, (n ^  3 x 10'^  cm'^). However the carrier concentrations were constant with 
temperature, as can be seen from figure (7.11). The mobility was very small •« 1 
(cm^ V* s''). These results, high carrier concentration and low mobility, are consistent 
with a hopping mechanism. 
Table (7.3) : Values of ao, To, and thickness for ZujSnO^ thin films. 
No. Film Substrate 
Temperature 
Thickness 
(nm) 
ao (Q cm)"^  To (K) 
1 3 llllilllilll ii^^iisii^-i:iii l i i i i i i i i 2.22 X 10' 
2 ifiifii 4.03 x 10^  2.87 X 10^  
3 107 ^ 30°C 1.18 X 10" 2.58 X 10" 
Figure (7.10) : {Conductivity x T"" } versus (l/T)"" for a film grown 
at room temperature. 
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Figure (7.11) : Carrier concentrations versus temperature, for thin 
films of Zn2Sn04 grown at room temperature. 
7.3.4 - Optical Transmission measurement results and discussion : 
The optical transmission of the films was measured as a function of 
wavelength and used (see section 7.2.6) to obtain an estimate for the refractive index 
n(k), absorption coefficient a(k), extinction coefficient k(X), and optical energy gap 
Eg. 
The variation of transmittance T^ as a function of wavelength can be seen in 
figure (7.12) for three zinc stannate films grown at substrate temperatures of 50°C, 
100°C and 200°C. The spectra show that the transmission T was significantly greater 
in the layer grown at 2(K)°C, compared with layers grown at 100°C. However, there 
was little difference in the transmission of layers grown below 100°C. The 
transmission of layers grown at 200°C was very high, (T — 88%) equivalent to that 
of other transparent conducting oxides such as ZnO, Zn2Sn04 or Cd2Sn04, over the 
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range of wavelength ISOOnm <X< 2500 nm [7.6]. These high values of transmissivity 
indicate that Zn2Sn04 might be useful for transparent electrodes if the electrical 
resistivity can be improved to the order of 10^ Q cm as has been reported by Enoki 
et al (1992) [7.6]. 
I -
c 
o 
CO 
w 
E 
w 
c 
No. 24 ST = 50° C 
No. I9ST = 100''C 
No. 39ST = 200''C 
No. 34 ST = 250° C 
1350 
- 1 — 1 — I I I 
350 850 1850 
Wavelegth(X)nm 
2350 
Figure (7.12) : Transmission (T%) versus wavelength (k) for thin films of Zn^SnO, grown 
at substrate temperatures between 50°C to 250°C. 
Generally, the analysis of thin film transmission data is helped by the presence 
of interference fringes, which enable the optical constants to be determined more 
precisely. However, in the present case, there were no fringes and the analysis was 
based on the interference-free transmission, T^, which is deduced from the interference 
equation [7.11,7.12] : 
Ax 
T = 
B-Cx+Dx^ 
( 7 . 5 ) 
where 
A = \6s{n^+k^) 
B = [(n+l)Vk^][(n+l)(n+s^)+k^] 
C = [(n'-l-(-k^)(n^-s^-t-k')-2k'(s'+l)]2 cos<\> - K[2(n'-s'+k')+(s'+l)(n'-l+k')] sin<\> , 2 / „ 2 2 „ 2 , 
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D = [(n-1)^ + k2][(n-l)(n-s^)+k^] 
(f) = 47tndA , X = exp(-ad), a = 47:kA where s is the refractive index of the substrate, 
a is the absorption coefficient, d is the film thickness. 
The equations, which were used to calculate all variables (n, k, a), in the transparent 
part of spectrum (a=0) are : 
n = {HHU^-s^^V^ ( 7 . 6 ) 
s^+l 
H=- ( 7 . 7 ) 
Then a can be determined from the 
following equation : 
Ax 
[(iB-Cx*Dx^)iB*Cx+Dx'^)\ ^'^ 
( 7 . 8 ) 
While the above works well when 
there is no absorption, it cannot be 
used to calculate n and x 
independently in the cut off region 
where there is strong absorption. From 
Photon energy (eV) 
'^igure (7.13) : Optical constants versus photon 
energy for a film grown at 50°C. 
this region of the spectrum values of n were estimated by extrapolation from the 
values calculated in the transmitting part of the spectrum. The values of x can then 
be calculated using the formula for very large a (x « 1), in the form [7.12]: 
Ax/B or 
16n^s " 
( 7 . 9 ) 
Details of the derivation can be seen reference [7.12]. 
Figure (7.13), figure (7.14) and figure (7.15) show the n and k characteristics 
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of these layers grown at substrate temperatures of 50, 100, and 200°C respectively, all 
1 2 
Photon Energy (eV) 
these characteristics show the presence 
of two peaks in the spectral 
dependence of n, at photon energies of 
— 0.8 and 1.6 eV with a minimum at^ — 
1.2 eV. Interestingly the low energy 
peak decreased as the substrate 
temperature was increased. The k 
characteristics showed similar 
behaviour with a low energy peak at ^ 
Figure (7.14) : Optical constants versus photon 
0.95 eV, a minimum at ^ 1,4 eV energy for a film grown at 100°C. 
followed by a monotonic increase up 
to 2.5 eV (the limit of measurement range). The low energy peak increased in 
magnitude with decreasing substrate temperature. However the minimum decreased 
with decreasing substrate temperature 
making the "double peak" shape much 
more apparent. The variation in the 
values of k at photon energies of — 
0.8 eV (i.e. vicinity of low energy 
peak) with substrate temperature is 
shown in figure (7.16) and 
demonstrates a systematic reduction as 
substrate temperature was increased. 
Figure (7.15) : Optical constants versus photon 
Clearly the film transparency was energy for a film grown at 200°C. 
increased significantly at low photon 
energy as the substrate temperature approached ^ 200°C. The changes in the shape of 
the n and k characteristics suggest that true thin film formation did not take place until 
the growth temperature reached ^ 150°C. The XRD results, however, indicated tiiat 
1 2 
Photon energy (eV) 
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the low temperature film 
were Zn2Sn04 and the 
implication in that the 
film grown at lower 
temperature were in 
effect "powder films". 
Such films show greater 
effects due to scattering, 
which would tend to 
increase apparent k-
values, as seen here. 
Figure (7.16) : Extinction coefficient (k) versus the substrate 
The results in the temperature for thin films of Zn2Sn04. 
Substrate Temperature (C) 
1000 
800 H 
> 
i 600 
a 400 
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1 2 
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8.00e+11 
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§• 
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o 
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< 
h2.00e+11 " 
O.OOe+0 
Figure (7.17) : Photon energy (hv) versus [(ahv)"" & (ahv)'] for a film grown at room 
temperature. 
absorption region were analyzed using the relation : 
ahv =A(hv -Eg^^ for direct band gap semiconductor behaviour [7.13,7.14] and 
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Figure (7.18) : Photon energy (hv) versus [(ochv)"^  & (ahv)^] for a film grown at 200°C. 
for indirect gap semiconductor behaviour using ahv =A(hv-E^)^ [7.15]. Typical plots 
of (othv)^ and (odru) 
100000 
E 10000 
o 
C 
1000 
versus hv are shown in 
figure (7.17)(for a layer 
grown at a room 
temperature), and figure 
(7,18)(for a layer grown 
at 200°C), revealed the 
linear increase in (cthv)^ 
with hv beyond a certain 
photon energy 1.45 eV < 
Eg < 1.95 eV. The 
*^ igure (7.19) : Absorption coefficient versus photon energy for film 
values of optical band grown at 200°C. 
gap Eg were estimated 
" I ' I ' 
0.0 0.5 1.0 1.5 2.0 2.5 
Photon energy (eV) 
3.0 
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from the intercepts of the straight lines on the energy axis and are listed in table (7.4) 
for several layers grown at different substrate temperatures. Layers grown at 
temperatures greater than ^ 100°C appear to have a direct energy gap of 1.95 eV. 
Layers grown below this temperature give a range of values suggesting that the k-
values were being affected by scattering. It is also probable that the low temperature 
material may not have been fully homogenous. In the absorption tail region (800nm -
250nm), the variation of a versus hv for the polycrystalline films is similar in nature, 
and follows the Urbach relation given by : 
-f l( / jv,-Av) 
KT 
( 7 . 10) 
where B is constant, and typical plots of fog(a) versus hv are shown in figure (7.19). 
Table (7.4) : Values of energy gap, substrate temperature, and extinction coefficient for selected 
films. 
Films 
No 
Energy Gap Eg (eV) Substrate 
Temp. (C) 
Thicknes 
s (nm) 
;:i;;ExtM|iii 
; l G | e | i f i l | 
Dirct Indirect 
39 1.95 0,9 200 0.148 
19 iiiiiiii^Ei' 0.314 
24 iiiiisiiisili 0.89 0.649 
95 lllllllllll RT 250 1.49 
** at X = 800 nm. 
A distinct linear variation is shown. The presence of an Urbach-typjc absorption tail 
and the steep increase in absorption beyond hv in figure (7.19) are generally observed 
for direct band gap compound semiconductor [7.13], [7.16], (Eg and k data are 
illustrated in table (7.4)). 
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7.4 - Summary : 
The Zn2Sn04 thin films were prepared by Electron Beam Evaporation method 
using Zn2Sn04 sintered powder as an evaporant source material. The thin films were 
deposited on glass and quartz substrates with substrate temperatures (ST) 25°C < ST 
< 250°C. 
Zn2Sn04-thin film formation was confirmed using XRD, where the main peaks 
in the spectra from the thin films were found to be comparable with those of bulk 
Zn2Sn04 (chapter IV). The calculated grain size, estimated from the XRD spectra was 
in the range of (20 nm to 25 nm). It was found to be difficult to obtain XRD spectra 
from films deposited at substrate temperatures of 2(X)°C, this may related to the 
thickness of the films, which were generally thinner than for films grown at lower 
temperatures. 
Surface structure studies by RHEED indicated that the films were 
polycrystalline, but with no strong preferred order. The semicircles in the RHEED for 
films deposited at a substrate temperature of 200°C were both brighter and more 
spotty in character than those at room temperatures, possibly suggesting that the higher 
substrate temperatures resulted in a larger grain size. 
SEM showed flat and uniform thin films, with no cracks, grains, or second 
phase being apparent. There was no pinhole formation through the film growth, 
indicating that the film growth was continuous and uniform. Elemental analysis of the 
f i lm by ED AX showed peaks due to Zn, and Sn which were nearly identical to those 
found for bulk samples. This result was taken as a further confirmation (with XRD 
and RHEED) that the thin films were Zn2Sn04. 
Conductivity - Temperature characteristics revealed that the conduction 
mechanism was again variable range hopping, with the conductivity showing the 
typical (1/T)"'* temerature dependence. This result was supported by Hall coefficient 
measurements, which gave high carrier concentration (10'^ cm"') and low mobilities 
(— 1 cm^ V"' sec ') , consistent with a hopping mechanism. 
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Measurements of optical transmission through the thin films as a function of 
wavelength were carried out. The transmission was increased significantly by 
increasing the substrate temperature. The high transmissivity of films grown at a 
substrate temperature of 200°C (— 88%) could be useful for transparent electrodes. The 
change in the shape of the n, and k characteristics suggested that true thin film 
formation did not take place until the growth temperature reached — 150°C. The 
optical energy gap appeared to be direct in films grown at high substrate temperature, 
with a value of 1.95 eV. Films grown below this temperature gave a range of values 
suggesting that the k-values were being affected by scattering. There is nothing 
reported in the literature relating the type of transition across the band gap for this 
material. 
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SUMMARY AND SUGGESTIONS FOR FUTURE WORK 
The work in this thesis has been principally concerned with the preparation and 
characterisation of Zn2Sn04. The experimental results have included the assessment 
of structure and the measurement of d.c. and a.c. electrical characteristics, of bulk 
Zn2Sn04 samples, both doped and un-doped, and thin films. The work forms a broad 
spectrum of research, on which a wide variety of future studies can be based. Of 
particular interest would be the work with thin films, which has importance for 
electrochromic displays, and with the development of this material for use as 
electrodes in secondary cells. 
The principal conclusions reached from each of the different parts of this thesis 
are summarised below ; 
1 - The formation of monophase Zn2Sn04 is strongly dependant on the 
proportions of ZnO and SnOz used and the firing regime. The best molar ratio of these 
two oxides [8.1,8.2] was found to be 2ZnO:lSn02, while for sintered monophase 
Zn2Sn04 [8.1,8.3,8.4], the optimum sintering temperature range was 1000 < T < 
1300°C. Above this temperature range ED AX revealed that decomposition of the 
Zn2Sn04 took place, while below a temperature of — 900°C, the material was not 
single phase. 
The formation of the compound was confirmed by X-ray diffraction, which 
indicated that the material was monophase in accordance with previous work 
[8.1,8.3,8.5]. Thermal analysis studies of TO, DTG, and DSC, gave additional 
evidence to support these conclusions. 
The sintering mechanism was thought to be a solid state reaction through an 
evaporation - recondensation phenomena involving zinc [8.3,8.6]. Detailed EDAX 
analysis suggested that grain growth was occuring through the evaporation and 
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subsequent condensation of zinc, as has been suggested by others [8.3]. 
2 - The as-fired sintered samples were white in colour and electrically 
insulating (o = 10"' Q'' cm''), but after heating in a reducing atmosphere (at — 450°C 
in 25%H2 /75%N2 mixture gas for 14 hours with a heating rate of 10°C min"'), the 
colour changed to dark grey and the sample became conductive (a = 10"^  Q.'^ cm"'). 
Thermal analysis studies for typical reduced samples, revealed that reoxidation 
did not take place until the temperature had reached — 600°C, which gives an 
indication of the stability of the reduction process. Stable characteristics from reduced 
material should be obtainable up to temperatures of about 500°C. Moreover X-ray 
diffraction and EDAX studies failed to indicate any changes in the phase of Zn2Sn04 
as a result of the reduction processes. 
3 - D.c. conductivity, Resistance-Temperature (R-T), Hall coefficient, and a.c. 
impedance measurements were obtained for undoped reduced, and partially reduced 
samples. These measurements enabled assessment of carrier concentration, carrier 
mobility and the transport mechanism to be made. 
D.c conductivity measurements showed a temperature dependence of 
conductivity of the form exp(To/T)''''*, indicating that the carrier transport mechanism 
was probably variable range hopping [8.7]. The carrier concentration was found to be 
10'^  cm'^ and essentially independent of temperature. The mobility was generally low 
and was found to follow the same temperature dependence, even though measured 
separately from the conductivity. These last two results from Hall measurements may 
be taken as additional evidence for the carrier hopping mechanism. 
When plotted on the complex plane, the a.c. measurements gave two 
semicu-cles, indicating the existence of at least two relaxation times ( = 6 x 10"* sec, 
Xj = 3 X 10"^  sec). This may be associated with the conduction process, but it was 
difficult to relate either relaxation time to any particular mechanism, and it was not 
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possible to separate the effects of grain boundary from hopping as had been hoped. 
This is clearly one area where more study is required. 
4 - Several attempts were made to dope the Zn2Sn04 using different 
procedures and dopants. The methods can be summarised as follows : (i) adding the 
desired dopant in oxide form directly to the mixture of ZnO and SnOj before firing 
to obtain the Zn2Sn04, (ii) adding the desired dopant to previously compounded 
Zn2Sn04 powder and then firing, (iii) doping from the vapour phase by heating 
Zn2Sn04 in the vapour of the dopant, this method was attempted with In only. 
The dopant materials used in processes (i) and (ii) were Nb205, TaCl^, Ta20^, 
InCls-SHjO, and V2O5. However, despite extensive trials none of these dopants was 
effective in reducing the resistivity, although some changes of colour and sintering 
behavour were observed, as can be seen in table (8.1). 
Table (8.1) : General Observations on Doped-Samples Using Mixed Powder Methods. 
Dopant 
material 
Conductivity 
(Q cm) ' 
at Room * 
Temperature 
Colour of 
Sintered 
Samples 
General 
Observations 
Additional 
Phases 
NbjO, 1.14 Dark Grey 
Spots 
Very Hard to 
Break 
TaCl5 Yellow 
Powder 
Poor Sintering None 
TaA 2.95 i | | * % h i l l | | i None None 
IUCI3.3H3O 0,04 None 
V A 8 X 10* Dark Brown Liquid Phase 
Sintering 
Un-Identified 
Phase 
* Measured for 1.5 mol% after reduction. 
The largest observed change in colour was found in the VjOj-doped samples, 
where SEM observations revealed the presence of some second phase material. 
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suggesting that liquid phase sintering had occured in these samples, rather than the 
evaporation -recondensation process thought to occur normally. It was not possible to 
identify this additional phase, but it may have been the main reason why the resistivity 
increased with increasing amounts of dopant, the implication being that the second 
phase resulted in separation of the grains and therefore poor grain-to-grain contact. 
The effectiveness of the Nb205 doping was difficult to assess, as it was 
impossible to make electrical measurements without some additional reduction process. 
However, the reduced 0.5% Nb205 doped-samples were more than one order of 
magnitude more conductive than the corresponding undoped samples. This can be 
taken along with the observed colour change, as an indication that Nb had had some 
effect, though its exact role was not clear. In principle, Nb should act as a 
conventional substitutional dopant, and the poor efficiancy of Nb doping could be 
related to the high melting point of NbzOj. As with the V2O5 doping the resistance 
increased with dopant concentration for dopant levels above 0.5% NbzOj, which may 
again be related to the formation of some second phase (SujNbjO,) in the more highly 
doped material. 
Complex impedance measurements revealed the same general pattern as the 
d.c. conductivity results, with resistivity increasing with doping level above 0.5% 
Nb205. The locus of the impedance on the complex plane took the form of two semi-
circles i.e. two characteristic relaxation rates, indicating similar behaviour to the 
undoped material. Interestingly, one of the characteristic frequency was the same as 
one found for the undoped material. It is tempting to speculate that this freuency may 
be related to the hopping mechanism, since this is a shared phenomena between doped 
and un-doped samples 
Doping with Indium from the vapour phase achieved a reduction in resistivity, 
from insulating to about 100 (Q cm). There was also a colour change, from white to 
dark grey, but no evidance for any change in the structure or of any new phase was 
observed. This could be due to the low doping temperature, which the sample was 
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exposed to (350°C). 
Since In-doped samples were confirmed to be n-type, Au/In-Zn2Sn04/In.Ga 
diodes were fabricated and used to provide estimates for the carrier concentration, and 
depletion width. The diodes were characterised using I-V, and C-V measurements at 
various temperatures. Since carrier transport was still variable range hopping (from 
d.c. conductivity measurements) it was not clear to what extent conventional diode 
analysis was applicable, especially where the ideality factor varied with temperature 
and gave large values (see table (8.2)), indicating that the normal diode mechanisms 
were probably not operating. 
Analysis of the C-V measurements gave estimates of the depletion widths and 
net ionised donor densities, which were small, as can be seen from table (8.2). This 
could be related to the effect of interface states on contact capacitance, which can 
exercise a controlling influence on the C-V characteristics. Moreover, the complex 
ploycrystalline structure and the effect of the grain boundaries may be playing a part 
in this as well. 
Table (8.2) : Summary of Au/In-ZnjSnO^/In.Ga diode parameters. 
1-V 
T(K) lo(mA) , C , ^ F m^ V,(V) 
IT ^ i i i i i i l iii^iiii^i: 4.3 X 10' 4.5 X 10' 0.45 
300O l i i i i^ i i 18.3 3.59 X 10' 6.6 X 10-' 0.21 
5 - Zn2Sn04 thin films were prepared by electron beam evaporation on cleaned 
glass and quartz substrates. Film formation was confirmed using RHEED, X-ray 
diffraction and ED AX. A systematic investigation of the electrical and optical 
properties of-as grown Zn2Sn04 thin films was undertaken as a function of substrate 
temperature from room temperature to — 250°C. 
Surface structure by RHEED showed that all the thin films were 
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polycrystalline, without any preferred order. The grain size increased with substrate 
temperature, as indicated by the increasing spottiness of the RHEED pattern. 
The d.c. conductivity measurements were dependent on the measurement 
temperature, and displayed a similar exp (To/T)'^ "* relationship to that found for bulk 
material. In other words, the carrier transport mechanism was also variable range 
hopping. The collective results from Hall coefficient and mobility dependence were 
consistent with variable range hopping [8.7]. 
The optical studies revealed that the transmission was increased as the substrate 
temperature increased. Apparent energy gap values varied as substrate temperatures 
were varied from room temperature to 250°C; 1.45 (at room temperature) eV < Eg 
< 1.95 (at 250°C) eV, using direct energy gap analysis. 
Future Work : 
In order to prepare Zn2Sn04 in monophase form by solid state reaction, precise 
knowledge of the formation and thermal stability of these compounds is essential. To 
gain this information, fiuther study should be made of the reaction by X-ray 
diffractometry and thermal analysis. Additional information concerning the zinc 
stannate can be gained from recently-developed analytical techniques such as ESCA 
[8.8]. 
It would be worth investigating the use of hot pressing, since this may control 
internal voiding in the samples, decreasing the porosity, and possibly enhancing grain 
growth, with a consequential improvement in contacts between the grains. As a result 
of this the electrical resistivity would decrease. A further interesting option would be 
to carry out the hot pressing in vacuum, where the effects of oxidation could be 
controlled. The use of sintering aids to promote grain growth should also be 
investigated. 
More detailed study of doping should be undertaken specially In-doping from 
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the vapour phase. This needs to be related more definitively to the observed changes 
in the colour and the electrical characteristics of the resulting samples. It is important 
to determine the specific doping molar ratio of indium required to give particular 
characteristics and to establish the temperature / time relationships for the doping 
process. 
In the case of the thin film work, systematic study is required to clarify the 
effects of substrate temperature, particularly higher temperatures (which were not 
available in the present study). The use of more accurate temperature sensors to detect 
variation in substrate temperature and the use of film thickness monitors to control 
layer thickness would be a significant improvement. 
In conclusion the present study has demonstrated that sintered Zn2Sn04 can be 
produced from the reaction of SnOi and ZnO powders. It has shown that the electrical 
properties of Zn2Sn04, can be controlled by the state of oxidation /reduction, and to 
a lesser extent by doping (particularly with In). The carrier transport prop)erties appear 
to be limited by variable range hopping between localised states in most cases. 
Finally, this work has demonstrate that thin, polycrystalline films of Zn2Sn04 
can be deposited on glass by the electron beam evaporation of Zn2Sn04 powder and 
that these films are conducting. 
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